Postural reactions to tilting supports in standing, walking and jumping. by Gruneberg, C.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/49146
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
  
 
 
Postural reactions to tilting supports in 
standing, walking and jumping 
 
 
 
een wetenschappelijke proeve op het gebied 
van de Medische Wetenschappen 
 
 
 
Proefschrift 
 
 
 
ter verkrijging van de graad doctor 
aan de Radboud Universiteit Nijmegen 
op gezag van de Rector Magnificus Prof. Dr. C.W.P.M. Blom 
volgens besluit van het College van Decanen 
in het openbaar te verdedigen op dinsdag 1 maart 2005 
des namiddags om 3:30 uur precies 
 
 
 
door 
 
 
 
Christian Grüneberg 
 
 
 
geboren op 8 april 1970 te Paderborn, Westfalen - Duitsland 
 
 
 Promotores:   Prof. dr. J. Duysens 
Prof. dr. Biomed. Ing J.H.J. Allum (Universiteit Basel, 
Switzerland) 
    Prof. dr. R.P.H. Veth 
 
CO-promotor:  Dr. B.W. Schreurs 
 
Manuscriptcommissie: Prof. dr. G.W.A.M. Padberg (voorzitter) 
Prof. dr. Th.W. Mulder (Universiteit Groningen) 
Prof. dr. B. Hillen  
     
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Grüneberg, C. 
 
ISBN 3-00-015474-4 
 
Printed by PrintPartners Ipskamp B.V., Enschede - NL 
 
Publication of this thesis was financially supported by the IFKB – Institute for 
Fundamental and Clinical Human Movement Sciences  
 
Cover: photograph of the roof of a building in Basel, Switzerland 
  
Contents                                                                               
 
Chapter 1 
General Introduction 2 
Different tilting supports to study postural reactions 2 
Strategies and models of human posture 3 
Processing of sensory information and motor commands 3 
Stiffness and muscle synergies 4 
Sudden inversions of the ankle 5 
Neurophysiological role of the postural reactions 5 
Outline of this thesis 6 
 
 
Chapter 2 
Introduction 10 
Methods  12 
Outcome measures  14 
Procedure 14 
Results 17 
Biomechanical responses  17 
EMG activity  23 
Discussion 27 
Postural control in the pitch plane 28 
Postural control in the roll plane  29 
Compensatory strategies using the arms 30 
Lack of leg and trunk compensatory muscle synergies 31 
Arm movements and trunk motion 34 
Relationship of biomechanical recordings to models of ankle and hip  
movement strategies 35 
   
 
Chapter 3 
Introduction 38 
Methods 41 
Outcome measures 41 
Procedure 42 
Results 46 
Biomechanical responses 46 
EMG Activity 53 
Discussion 62 
Biomechanical separation of pitch and roll motion of the body 63 
Triggering of balance corrections 64 
Separation of pitch and roll balance correcting synergies 66 
 
 
 
 
 Chapter 4 
Introduction  70 
Methods  71 
Experimental protocol 73 
Data analysis 75 
Results 76 
Stepping on a box versus normal walking 76 
Incidence of successful trials 76 
Angular velocity of the trapdoor during inversion 77 
Responses 78 
Discussion 80 
 
 
Chapter 5 
Introduction  84 
Methods  85 
Experimental set-up 85 
EMG  87 
Experimental protocol 87 
Data analysis 88 
Results 89 
General perturbation characteristics 89 
Response latency and duration 89 
Response amplitude 91 
Habituation of the response amplitude  94 
Muscle Activity before landing 95 
Influence of pre-knowledge and muscle activity prior to landing 96 
Discussion  96 
Short latency responses after landing on an inverting or non-inverting 
platform 
 
97 
Influence of pre-knowledge 98 
Long latency responses 99 
Origin of these responses 100 
   
 
Chapter 6 
Summary  102 
Future research 106 
 
Samenvatting 110 
Toekomstig Onderzoek 116 
 
 
Bibliography 
References  
 
 
 
119 
Publications - Articles 128 
                     -Abstracts  129 
Acknowledgements 130 
About the author 132 
 
Chapter 1 
 1 
 
 
 
 
Chapter 1 
 
 
 
 
 
 
General Introduction                                                              
Chapter 1 
 
 2 
General Introduction 
What are the postural reactions needed to prevent unexpected falls and possible 
injuries in man?  
 
Over the past decennia, this has been a question which has driven extensive 
research and formed the basis of the field dealing with postural reactions to 
unexpected perturbations in posture and more dynamic tasks e.g. walking, stumbling 
or landing. Although a number of studies has been done on how the central nervous 
system (CNS) organizes muscular and biomechanical reactions to sudden 
perturbations of the lower extremity, the trunk and the arms, further work is needed 
because inconsistency and controversy exist between studies in posture (Horak et 
al. 1997; Allum and Honegger, 1998) and in more dynamic tasks like walking and 
jumping (Konradsen et al., 1997; Johnson and Johnson, 1993; Lynch et al., 1996; 
Ebig et al., 1997; Podzielny et al., 1997). The central issue is how motor commands 
are generated and contribute to withstand external perturbations. There are several 
factors which influence postural reactions to tilting support and these will be briefly 
introduced.  
 
 
Different tilting supports to study postural reactions  
The method to induce tilting has to be considered first. In the last three decades, a 
variety of methods have been employed to deliver unexpected perturbations. A vast 
body of knowledge has accumulated concerning sudden unexpected perturbations 
in standing conditions using tilting supports. However, in every day life loosing 
equilibrium rarely occurs when a person is standing at rest. A first argument of the 
importance of studying postural reactions in more functional movements is that the 
results of studies of more static movements during standing cannot a priori be 
extrapolated to more dynamic conditions, since various reflexes are known to be 
task-dependent (for review see Zehr and Stein, 1999; Duysens et al., 2000). 
Developing and testing different methods to investigate how motor commands are 
generated in these dynamic situations is a challenge for research. Studies on how 
the responses contribute to withstand external perturbations may give new insights 
in the control of human movement and the results have possible clinical implications 
as well (balance training programs for example).  
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Strategies and models of human posture 
The different strategies and models of human posture used to regain upright posture 
after a perturbation to quiet stance have been described extensively. Studies on 
quiet stance and pitch-plane dynamic posturography fuelled theories about human 
balance control. The human body was modeled as an inverted pendulum about the 
ankle joint when body motion is small (Nashner and McCollum, 1985; Fitzpatrick et 
al. 1992, 1994; Winter et al., 1998; Gatev et al., 1999; Jacobs, 1997; Lauk et al., 
1999; Johansson and Magnusson 1991). Inversely the body was seen as a two-joint 
system with motion restricted mostly to the hip  (the “hip strategy”) when body 
motion is larger (Horak and Nashner, 1986; Kuo and Zajac, 1993; Henry et al., 
1998a). For these models, motion at the knees or the lumbo-sacral joints is assumed 
to be minimal. The inverted pendulum model may be valid for a restricted number of 
movements in a single plane, including those induced by small and slow horizontal 
support surface translations. Recently, however, this concept has been challenged 
for motion occurring during quiet stance (Aramaki et al., 2001; Loram and Lakie, 
2002). Indeed, as body motion increases in amplitude and direction from that of 
quiet standing (Fitzpatrick et al., 1992, 1994; Winter et al., 1996, 1998; Gatev et al., 
1999; Accorneo et al., 1997), to that induced by a support surface perturbation in the 
pitch plane alone (Cordo and Nashner, 1982; Allum et al., 1993; Horak et al., 1997), 
and finally to that induced by combined roll and pitch plane perturbations (Moore et 
al., 1988; Maki et al., 1994a, 1994b; Henry et al., 1998b; Carpenter et al., 1999; 
Allum et al., 2002), the multi-link nature of human postural corrections becomes 
increasingly prominent. This multi-link strategy involves hinging at the knees, hips 
and lower vertebral column, in addition to ankle joint motion (Allum et al., 2003). 
With the use of perturbations applied to the trunk and pelvis, these multi-link aspects 
of trunk motion become even more prominent (Gilles et al., 1999; Rietdyk et al., 
1999). These models can be tested by adding stiffness to given joints. One possible 
assumption is that stiffening the hips and trunk would change the response 
dynamics of the body detrimentally as it would then resemble an inverted pendulum 
and be more unstable. If, however, the CNS controlled the body predominantly as an 
inverted pendulum by naturally stiffening the hips and trunk, then little difference in 
movement strategies and muscle strategies should be observed.  
 
 
Processing of sensory information and motor commands 
Moreover, the common aim of previous studies - and the models that ensued from 
these studies - was to provide evidence about the processing of sensory information 
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in the central nervous system (CNS), and to understand how motor commands are 
generated to withstand external balance perturbations in different directions. 
Presumably the use of multiple joints would require use of feedback information from 
all these joints, as well as increased interlink coordination, to maintain stability 
compared to the requirements to control motion about the ankle joint alone. 
Furthermore, adequate balance corrections in the pitch and roll planes must be 
processed - and perhaps generated - sequentially as the trunk moves more rapidly 
in roll than pitch when compensating for multidirectional falls (Carpenter et al. 1999). 
Two general concepts have been proposed with respect to both the trigger origin of 
these responses and their propagation along the body. Some researchers support 
the theory of a distal to proximal activation of postural muscles, primarily triggered by 
sensory input from the ankle joint (Nashner et al. 1982; Horak and Nashner, 1986; 
Horak et al., 1990). This concept emerged from recordings of an early activation, at 
50 ms in triceps surae, with support surface pitch displacement, followed by 
activation of balance corrections ascending the dorsal surface of the body (triceps 
surae, hamstrings, paraspinals). However, other studies described earlier onsets of 
muscle activity in more proximal muscles than in triceps surae (for example in the 
gluteus medius (Bloem et al., 2002; Carpenter et al., 1999), the oblique externus 
(Moore et al., 1988), neck muscles (Keshner et al. 1988), and arm muscles (McIlroy 
and Maki, 1995)). Such proximal activity would not support the theory of distal to 
proximal activation of balance-correcting responses, regardless of the trigger signal. 
Such proximal responses could, however, simply be an anticipatory stabilising 
reaction prior to the main effector action in leg muscles.  
 
Furthermore the hypothesis was formulated that the origin and execution of balance- 
correcting responses in the pitch and roll planes must be organised separately. To 
date, there have been no studies, which have examined postural reactions to multi-
directional perturbations by separately applying roll (or lateral) and pitch (or anterior-
posterior) components of the perturbation in order to tease out details of the CNS 
organisation in this regard.  
 
 
Stiffness and muscle synergies 
One important element in balance control is joint stiffness since control of rigid joints 
is very different from control of flexible joints. This factor is thought to play a role in 
impaired balance control with ageing and in neurological disorders, including 
Parkinson’s disease and severe proprioceptive loss (Carpenter et al., 2004; Allum et 
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al., 2002; Bloem et al., 2002). On the other hand, joint stiffness may protect joints 
against sprains for example when landing on two feet after a jump.  
 
 
Sudden inversions of the ankle  
Landing on an inverting surface represents an especially relevant postural 
perturbation. A valid argument to study postural reactions to such inversions in 
various types of functional movements is that the results of static studies (i.e. during 
standing) cannot a priori be extrapolated to more dynamic conditions. One reason is 
that various reflexes are known to be task-dependent (for review see Zehr and Stein, 
1999). For example, cutaneous reflexes elicited during running were larger than 
when these responses were elicited during standing (Duysens et. al., 1993). A 
second argument for studying inversion perturbations during more dynamic tasks 
like walking and jumping rather than in standing is that the process of loading of the 
foot is considered to be of primary importance (Stormont et al., 1985, McCullough 
and Burge, 1980; Sammarco, 1977). It was therefore important to develop a method 
to investigate rapid ankle inversion during the loading acceptance of the stance 
phase of walking or during the landing phase of jumping.  
 
 
Neurophysiological role of the postural reactions    
Reactions to various types of perturbations can be measured as a series of 
responses with various latencies. The role of short (SLR), medium (MLR), and long 
latency (LLR) reflexes in landing after a jump is poorly understood. Of special clinical 
interest is the condition of landing on inverting surfaces, since landing on a surface 
that induces ankle inversion (like e.g. landing after a jump on the shoe of a team-
player) could lead to ankle injuries (Bahr et al., 1994). These injuries are one of the 
most common injuries in sports (Balduini et al., 1987) and could occur because of an 
uncontrolled or enforced inversion of the ankle. Furthermore, landing on an inverting 
surface is of neurophysiological interest as a paradigm because the role of the lower 
leg reflex responses, like the short- (SLR) medium- (MLR) and long latency 
responses (LLR) during ankle inversion movements is not clear. Basic insight in this 
respect could be important for prevention of these injuries, e.g. with respect to the 
control of stiffness. 
Based on previous work on stumbling (Schillings et al., 1999) it is hypothesized that 
short-latency (SLR) stretch responses would not be specific. Later responses 
however, may be expected to be increasingly more specific (Schillings et al., 2000; 
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Gielen et al., 1988). It was therefore decided to investigate the reflex responses of 
the lower leg muscles on landing on a surface that could induce mild ankle 
inversions, large enough to induce reflexes yet as limited as possible to ensure 
safety at all times. In addition, all subjects were informed about the possible 
inversions in order to further reduce the risks to an absolute minimum. 
 
 
Outline of this thesis 
The present thesis uses biomechanical and neurophysiological approaches to 
examine postural reactions to tilting supports. The aim was to study how postural 
reactions are organized and thereby obtain a better understanding of how human 
motor commands are generated and contribute to withstand external perturbations.  
Furthermore, external balance perturbations were studied in different conditions and 
directions, which may provide additional knowledge for clinical problems in 
treatment.  
 
A first aim of this thesis was to provide more knowledge about the processing of 
sensory information in the central nervous system with respect to balance correction 
responses. Presumably the use of multiple joints in such reactions would require use 
of feedback information from all these joints, as well as increased inter-limb 
coordination, to maintain stability. 
 
The second aim was to address the question whether adequate balance corrections 
in the pitch and roll planes must be processed - and perhaps generated - 
sequentially as the trunk moves more rapidly in the roll than in the pitch plane when 
compensating for multidirectional falls.  
 
The third aim was to develop a new method to study neurophysiological responses 
to tilts using a tilting support surface for common motor tasks such as walking and 
jumping. The goal was to determine if the present understanding of normal postural 
responses are applicable to perturbations in multiple directions in situations, which 
may more accurately mimic events experienced in everyday life.  
 
The fourth aim was to study the specificity of the peroneal muscles in such reactions 
to landings on a horizontal surface.  
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In the following chapters, these goals will be addressed by examining the postural 
reactions to tilting supports during standing, walking and jumping. 
 
Chapter two examines the effect of artificially increased stiffness on balance 
control.  The upright stance of young subjects (20-34 years of age) were perturbed 
while they wore one of two types of corset or no corset at all. One type, the “half-
corset”, only increased hip stiffness, and the other, the “full-corset”, increased 
stiffness of the hips and trunk. The perturbations consisted of combined roll and 
pitch rotations of the support surface (7.5°, 60 °/s) in one of 6 different directions. 
Outcome measures were biomechanical responses of the legs, trunk, arms and 
head, and electromyographic (EMG) responses from leg, trunk, and upper arm 
muscles.  
 
The third chapter investigates the hypothesis that balance corrections for pitch 
perturbations are controlled by muscle action mainly about the ankle and knee joints, 
while balance corrections for roll perturbations are controlled by motion about the hip 
and lumbo-sacral joints with little interaction between the two. A dual-axis rotating 
support surface delivered unexpected random perturbations to stance through 8 
different directions in the pitch and the roll planes. Each rotation had a constant 
amplitude of 7.5° and an angular velocity of 60°/s. Three different randomised roll-
delay conditions were employed: no delay (roll and pitch movements of the support-
surface occur simultaneously), ‘short delay’ (a 50 ms delay of roll with respect to 
pitch movements which corresponds to the onset of leg muscle stretch reflexes), and 
‘long delay’ (a 150 ms delay between roll and pitch movements corresponding to the 
time when trunk roll velocity would peak in the no delay condition). Subjects were 19 
healthy young adults. Biomechanical measures included pitch and roll 
measurements of the lower leg angle and trunk angular velocity, head roll 
acceleration and ground-reaction forces. EMG measurements were recorded from 
left tibialis anterior, soleus, peroneus longus, gluteus medius, paraspinals, and 
oblique externus muscles. 
 
In chapter four, a new method to study sudden ankle inversions during human 
walking and jumping is presented. The method investigates rapid ankle inversion, 
elicited during the loading part of walking and jumping. During the gait task, subjects 
walked at a speed of 4 km/h. At a pre-programmed delay after left heel strike, an 
electromagnet released the box on the treadmill. This delay enabled the subject to 
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step on the box without having to change the walking cadence. During the jumping 
task, subjects jumped from a 30 cm high platform on the box in a standardised way. 
It will be investigated if it is possible with this method to evoke reproducible sudden 
ankle inversions eliciting characteristic lower leg responses under controlled 
laboratory settings.  
 
Chapter five examines the application of the method, described in chapter 4, to 
landing after a jump. Such landing induces reflexes, the role of which is not well 
understood. This is even more so for reflexes following landing on inverting surfaces. 
The latter condition is of special interest since ankle inversion traumata are one of 
the most common injuries during sports. Most studies have investigated ankle 
inversions during a static standing condition. However, ankle injuries occur during 
more dynamic activities such as jumping. Therefore, the present study aimed at 
reproducing these situations but in a completely safe setting. For this purpose, a 
study was made of EMG responses after landing on an inverting surface, thereby 
causing a mild ankle inversion of 25° rotation (in a range sufficient to elicit reflexes 
safe enough to exclude sprains). The results are compared with data from landing 
on a non-inverting surface to understand the effect of the inversion.  
 
Finally, in chapter six the results of the previously described chapters are 
summarized. General conclusions and remarks for future research are placed within 
the context of the main aspects of human motor control with respect to postural 
reactions to tilting supports in standing and jumping.  
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Chapter 2 
 
 
 
 
 
 
The influence of artificially increased hip and trunk 
stiffness on balance control in man1 
                                                 
1Adapted from: Grüneberg C, Bloem BR, Honegger F, Allum JHJ. (2004) The influence of artificially increased 
hip and trunk stiffness on balance control in man. Experimental Brain Research. 157: 472–485 
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Introduction  
The strategies humans use to regain upright posture after a perturbation to quiet 
stance have been described extensively. Studies on quiet stance and pitch-plane 
dynamic posturography fuelled theories about human balance control as an inverted 
pendulum about the ankle joint when body motion is small (Nashner and McCollum, 
1985, Fitzpatrick et al. 1992, 1994; Winter et al., 1998; Gatev et al., 1999; Jacobs, 
1997; Lauk et al., 1999; Johansson and Magnusson, 1991), or like a two-joint 
system with motion restricted to the hip and ankle joints (the “hip strategy”) when 
body motion is larger (Horak and Nashner, 1986; Kuo and Zajac, 1993, Henry et al., 
1998a). For these models, motion at the knees or the lumbro-sacral joints is 
assumed to be minimal. The inverted pendulum model may be valid for a restricted 
number of movements in a single plane, including those induced by small and slow 
horizontal support surface translations. Recently, however, this concept has been 
challenged for motion occurring during quiet stance (Aramaki et al., 2001, Loram 
and Lakie, 2002). Indeed, as body motion increases in amplitude and direction from 
that of quiet standing (Fitzpatrick et al., 1992, 1994; Winter et al., 1996, 1998; Gatev 
et al., 1999; Accorneo et al., 1997), to that induced by a support surface perturbation 
in the pitch plane alone (Cordo and Nashner, 1982; Allum et al., 1993; Horak et al., 
1997), and finally to that induced by combined roll and pitch plane perturbations 
(Moore et al., 1988; Maki et al., 1994a, 1994b; Henry et al., 1998b; Carpenter et al., 
1999; Allum et al., 2002), the multi-link nature of human postural corrections 
becomes increasingly prominent. This multi-link strategy involves hinging at the 
knees, hips and lower vertebral column, in addition to ankle joint motion (Allum et al., 
2003). With the use of perturbations applied to the trunk and pelvis, these multi-link 
aspects of trunk motion become even more prominent (Gilles et al., 1999; Rietdyk et 
al., 1999). 
 
The common aim of these studies - and the models that ensued - was to provide 
evidence about the processing of sensory information in the central nervous system 
(CNS), and to better understand how motor commands are generated to withstand 
external balance perturbations in different directions. Presumably the use of multiple 
joints would require use of feedback information from all these joints, as well as 
increased interlink coordination, to maintain stability compared to the requirements 
to control motion about the ankle joint alone. Furthermore, adequate balance 
corrections in the pitch and roll planes must be processed - and perhaps generated - 
Chapter 2 
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sequentially as the trunk moves more rapidly in roll than pitch when compensating 
for multidirectional falls (Carpenter et al., 1999).  
 
The inverted pendulum or multi-link concepts of human postural control can be 
tested directly by splinting various joints, but such experiments are rare and were 
restricted to the pitch plane (Loram and Lakie, 2002; Peterka, 2002). Here we tested 
the hypothesis that normal balance control is highly dependent on a multi-link mode 
of movement by stiffening the hips and trunk (but not the ankles and knees) with two 
different rigid corsets. Our assumption was that stiffening the hips and trunk would 
change the response dynamics of the body detrimentally as it would then resemble 
an inverted pendulum and be more unstable. If, however, the CNS controlled the 
body predominantly as an inverted pendulum by naturally stiffening the hips and 
trunk, then little difference in movement strategies and muscle strategies should be 
observed.  
 
Our second goal was to clarify the pathophysiology of trunk stiffness which we 
suggested helps cause impaired balance control with ageing and in neurological 
disorders, including Parkinson’s disease and severe proprioceptive loss (Carpenter 
et al., 2004; Allum et al., 2002; Bloem et al., 2002). In all these groups, changes in 
trunk roll motion were noted as early as 50 ms after a postural perturbation, 
suggesting that active stiffening prior to the perturbation – rather than inappropriate 
active postural reactions – was mainly responsible for the loss of trunk flexibility. If 
this were true, then artificial stiffening with corsets should largely reproduce this 
previously observed pattern of trunk stiffness. The corsets should also induce 
marked instability for another reason. Prior studies suggested that the difference in 
trunk flexibility in the roll and pitch directions is crucial to maintaining balance 
following multidirectional perturbations (Carpenter et al., 1999; Allum et al., 2002). 
Thus eliminating or changing this difference with corsets might lead to difficulties in 
CNS processing of balance corrections. 
 
Our third goal was to study the nature of any changes in muscle synergies following 
artificial stiffening. We were particularly interested to see if any alterations in muscle 
response amplitudes might mimic the changes observed previously with ageing. 
Elderly subjects have increased trunk stiffness, particularly in the roll plane, and this 
occurred in parallel with delayed muscle onset times, reduced amplitudes of balance 
correcting muscle responses and, in the leg muscles, increased amplitudes of later 
Chapter 2 
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occurring balance corrections (Allum et al., 2002). It remained unclear whether these 
changes all resulted from age-related degeneration, or whether some alterations 
were in fact compensatory strategies for the loss of  intrasegmental flexibility of the 
trunk. We predicted that any compensatory changes should be reproduced in young 
persons with artificial stiffening of hips and trunk. Alternatively, arm movements 
might be used as a compensatory mechanism if balance corrections in the trunk and 
legs were insufficient to accommodate the effects of stiffening.  
 
 
Methods 
Five healthy subjects (3 men, 2 women, age 22 to 34 years) were examined under 3 
conditions. The first condition was without any corset (“no corset”). The second 
condition involved wearing a custom-fitted “half-corset” extending from above the 
knees up to approximately level Th 10 (see upper part, figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Front and side views of the two 
types of corsets. The upper photos are of 
the half-corset which allows movement of 
the trunk with respect to the pelvis. The 
lower photos are of the full-corset. The 
velcro straps (black for the full-corset, 
white for the half-corset) helped ensure a 
snug fit of the corsets across both the 
pelvis and trunk. 
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This corset reduced hip joint motion and relative motion between the hip joints, for 
example when one knee flexes and the other remains extended to less than 1°  
(table 1).  
 
 
 
 
Such differential knee flexion was limited by a bar fixed across the legs of the 
corsets. The third test condition involved wearing a custom-fitted “full-corset”, similar 
in construction to the half-corset but extending all the way up to the shoulders and 
thereby also reducing trunk motion (lower part figure 1). This full-corset also 
restricted motion of the upper trunk (shoulders and sternum) with respect to the 
pelvis to less than 1° in pitch and 2° in roll (table 1). Both corsets caused no 
restrictions in arm and lower-leg movements. Scotchcast and Softcast (3M) 
material was used to construct the corsets. Testing was done in the same order for 
all subjects over 2 days. The first test was without a corset and the second 4 hours 
later with the half-corset. Tests with the full-corset were performed a day later. All 
subjects were tested for a lack of orthopaedic or balance problems using techniques 
described in Allum and Adkin (2003) and then gave witnessed informed and written 
consent to participate in the experiments according to the Declaration of Helsinki. 
The Institutional Review Board of the University Hospital in Basel approved the 
study. 
 
Table 1: Hip and Trunk Maximum Flexibility (degrees). Angles were measured based on 18 
markers placed on the body of one subject and tracked with a motion analysis system, Optotrak 
(for examples of the resultant stick figures, see Allum et al 2003). The subject was asked to bend 
forward, backward or laterally as far as possible 8 times for each direction and within 2 secs. An 
average of the body segment angles was then taken for each direction. The 3 markers defining 
the (upper) trunk were placed on both shoulders and the upper level of the sternum. 
Chapter 2 
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Outcome measures 
EMG and biomechanical measurements were obtained using previously described 
techniques (Carpenter et al., 1999; Allum et al., 2002). To record EMG activity, pairs 
of silver-silver chloride electrodes were placed approximately 3 cm apart along the 
muscle bellies of left tibialis anterior, left soleus, left peroneous longus, left medial 
gastrocnemius and bilaterally on paraspinals at the L1-L2 level of the spine, and on 
the left medial deltoid (pars acromialis) muscles. Small apertures were cut in the 
back of the full-corsets to permit application of the paraspinal electrodes. EMG 
amplifier gains were kept constant throughout the experiments and pairs of 
electrodes and lead lengths assigned to individual muscles were not changed 
between and within subjects. The individual locations of the electrodes were marked 
and reused for each test condition. 
 
Support-surface reaction forces of the left foot were measured from strain gauges 
embedded within the rotating support-surface. The strain gauges were located under 
the corners of the plate supporting the left foot. From these forces, the left anterior-
posterior (AP) ankle torque was calculated. To measure lower leg angle in the pitch 
plane a lightweight metal rod was fixed with an adjustable strap to the lateral aspect 
of the left tibia, about 4 cm below the level of the lateral condyle. The rod was 
connected to a potentiometer located on the pitch axis of the platform. Trunk angular 
velocity in the pitch and roll planes was collected using Watson Industries 
transducers (+/- 300°/s range) mounted onto a metal plate (total weight 700 g.) that 
hung at the level of the sternum from shoulder straps that wrapped around the 
shoulders, back and chest. Two smaller Systron-Donner angular velocity 
transducers (Inglewood, Calif., USA) measured movements of the left lower arm just 
below the elbow in the pitch and roll directions. These transducers had a range of +/- 
200°/s. The transducers were attached to a 10-cm long metal plate curved to the 
radius of the arm. The plate was strapped to the lateral aspect of the left lower arm 
using an elasticised bandage, and the total weight mounted in this fashion was 200 
g. Head roll angular accelerations were computed from the outputs of 2 dual axis 
linear accelometers (Entran), with ranges of ± 5g, mounted at 180° separation in the 
coronal plane just above the ears on a lightweight adjustable head band.  
 
 
Procedure 
The subject’s feet were lightly strapped into heel guides fixed to the top surface of 
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the dual-axis platform that rotated about the pitch (anterior-posterior) and roll 
(medial-lateral) planes. The heel guides were adjusted in the AP direction to ensure 
that the ankle joint axes were aligned with the pitch axis of the rotating platform. The 
roll axis had the same height as the pitch axis and passed between the feet. Both 
the corsets and the foot straps prevented stepping reactions when stance 
perturbations occurred. Just prior to the experiment, subjects were asked to assume 
their ‘preferred’ standing posture with the arms hanging comfortably at their sides. At 
each individual’s ‘preferred-stance’ position, we sampled the low pass filtered (5Hz) 
sum of the AP torques from the two strain gauge systems embedded in the surface 
of the rotating platform under each foot. This measurement sample was then treated 
as the reference value for ‘preferred-stance’ for the remainder of the experiment. 
 
Under each corset condition subjects were presented with two series of 44 
perturbations each. The order of the two series among the 3 conditions was 
counterbalanced across subjects. The first trial of each series was excluded from 
data analysis to reduce habituation effects entering the data (Keshner et al., 1987). 
The perturbations comprised six different perturbation directions presented with one 
velocity (60°/s), and with a constant amplitude of 7.5°. The six perturbation directions 
included two that were purely in the pitch plane (forward or 0°; and backward or 180° 
in our notation). For the four additional perturbation directions, pitch stimuli were 
combined with leftward and rightward roll components to form ‘forward right’ (45°), 
‘backward right’ (135°), ‘backward left’ (225°) or ‘forward left’ (315°) perturbations. 
Each of the 6 different combinations of perturbation direction was randomly 
presented 14 or 15 times throughout the two series for a total of 88 perturbations.  
 
Each perturbation was preceded by a random 5-20 s delay. During this period, 
subjects were asked to monitor on an oscilloscope the low-pass-filtered AP torque 
signal, described above. The oscilloscope was located at eye level, approximately 1 
m in front of the subject. Using this visual feedback, subjects were required to 
maintain AP ankle torque within a range of +/- 4 Nm of their ‘preferred-stance’ 
reference value prior to stimulus onset. The 5-20 s interstimulus delay was initiated 
automatically once the platform had returned to its original level pre-stimulus position 
and the subject had regained and maintained his preferred vertical position as 
monitored by AP ankle torque reading. Once the platform moved, the monitoring 
signal on the oscilloscope was blanked out and subjects were instructed to recover 
their balance as quickly as possible with in place reactions. Three handrails 
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(generally located 80 cm above foot level but adjustable to the hand height of each 
subject) were located at a distance of 40 cm to the sides and to the front of the 
platform centre point. Subjects were informed they were allowed to grasp the 
handrails if needed. Two assistants (one behind and one to the side of the subjects) 
were present to lend support in case of a fall (generally only necessary for the full-
corset condition). 
 
All EMG and biomechanical recordings were initiated 100 ms prior to rotation onset 
and had a sampling duration of 1s. EMG recordings were band-pass analogue 
filtered between 60-600 Hz, full wave rectified, and low pass filtered at 100 Hz prior 
to sampling at 1 KHz. All biomechanical data were sampled at 500 Hz after passing 
through anti-aliasing filters (2nd-order low-pass filters with a cut-off at 53 Hz) and 
then low-pass filtered off-line at 25 Hz using a zero phase-shift 10th-order 
Butterworth digital filter. 
 
 
Data analysis 
Following analogue to digital conversion of the data, all biomechanical and EMG 
signals were averaged offline across each perturbation direction. Zero latency was 
defined as the first inflexion of ankle rotation velocity after stimulus command onset 
and did not vary with direction or subject. Subject averages were pooled to produce 
population averages for a single direction (as shown in figures 2, 3 and 7). Trunk 
angular velocity was calculated as the average over the intervals between 90-130 
and 180-220 ms for roll and pitch, respectively, that is at the time when these 
velocities are known to peak, on average, from previous studies (Carpenter et al., 
1999). All angular velocity traces (two each for the trunk and arm) were integrated 
off-line using trapezoid integration to yield angular displacement. The differences 
between the angle value at 0 ms and 200 ms for roll and 0 ms and 300 ms for pitch, 
and between 0 ms and 700 ms for both roll and pitch, were employed as measures 
of the body link angular changes caused by the support-surface rotations. At 200 
ms, respectively 300 ms for pitch, angles normally peaked or did not change further 
(see figures 2 and 3). Angular displacements of the arm were calculated relative to 
the trunk by subtracting the arm position from the trunk position. The roll angle of the 
arm was measured at the same time as that of the trunk, at 200 ms. Average head 
roll angular acceleration was calculated over the period 90-110 ms when it first 
peaked (see figures 2 and 3). Ankle torque changes were calculated between 160-
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260 ms, that is, shifted 40 ms with respect to EMG measurement periods for balance 
corrections (see below). 
EMG areas were calculated using trapezoid integration within pre-determined time 
intervals associated with stretch reflex (40-100 ms from stimulus onset), and balance 
correcting responses (120-220 ms). EMG areas were corrected for background 
muscle activity (BGA) by subtracting the area due to BGA (measured as the average 
activity level over the 100 ms period prior to perturbation onset) from the overall 
EMG response prior to integration. 
 
Our primary statistical analyses concerned between-condition comparisons for 
stiffness effects due to the corsets. To examine differences between different 
perturbation directions and between corset conditions, we used an ANOVA model 
for repeated measurements of the subject averages after checking with the 
Kolmogorov-Smirnov test that the biomechanical and EMG measurements of subject 
averages were normally distributed. Significant main corset and interaction effects 
were further explored using post-hoc comparisons using t-tests with a Bonferroni 
correction to account for the effect of comparing 3 conditions at once. ANOVA and 
Bonferroni test results with p < 0.05 were considered significant.  
 
 
Results 
The effects on trunk roll and pitch motion caused by mid-body stiffening were 
different for the half- and full-corset. The influence of stiffening was more profound 
for perturbations which included a roll component than for pure pitch plane 
perturbations. Trunk stiffening affected trunk muscles responses more than those of 
the lower leg. These observations provide the focus of our description of 
biomechanical and muscle response differences seen with stiffening. Major changes 
in responses with stimulus direction for the no-corset condition have been reported 
in detail elsewhere (Carpenter et al., 1999, Allum et al., 2002). 
 
 
Biomechanical responses 
Both corsets altered biomechanical responses, however in a different manner. 
Figures 2 and 3 show the population traces for several biomechanical variables 
measured in the pitch and roll planes. 
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The traces in these figures were elicited in response to a backward-right rotation 
(direction of 135° – figure 2) and a forward-left rotation (315° – figure 3) of the 
support surface. 
Figure 2: Biomechanical responses to a backward-right (135°) rotation of the support surface.
Each of the traces is the average of 5 subjects with 14 responses per subject for a total of 70
responses per condition. The traces corresponding to the 3 conditions, no corset (normal), half-
corset and full-corset, are shown by the insert. The onset of the stimulus is shown by the vertical
line at 0 ms and is aligned with the first inflexion of stimulus velocity. Stimulus termination was at
125 ms where the initial increase in ankle dorsiflexing torque imposed by the support-surface
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One major difference with the corsets was noted for the forward pitch of the trunk 
(figure 2). The mean population differences in trunk pitch for all rotations of the 
support surface with or without a roll component are shown in figure 4. For the no-
corset condition, the upper body hinges forward about the hip and lumbro-sacral 
joints following backwards support-surface rotations (Allum and Carpenter, 2003). 
Figure 3: Biomechanical responses to a forward-left (315°) rotation of the support surface.
Details are provided in the legend to figure 2. 
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Our measurements at 300 ms revealed a forward pitch of the trunk with the half-
corset that was approximately twice that for the other conditions (figures 2 and 4; F 
(2,8) = 17.1, P < 0.001). For all backwards tilt directions, forward displacement of the  
trunk at 300 ms was larger (p < 0.05) with the half-corset (figure 4). However, by 700 
ms the trunk pitch angle with the half-corset was corrected to the inclination 
recorded with no-corset. In contrast, at 700 ms, the trunk inclination for the full-
corset condition was negligible for backward support-surface rotations with respect 
to the pre-stimulus lean (figures 2 and 4). Thus, across test conditions, trunk pitch 
angle at 700 ms varied (F (2,8) = 11.6, P < 0.004).  
Specifically, for all backwards perturbations, the trunk forward pitch with the full 
corset was less at 700 ms than for the no corset and half-corset conditions (P < 
0.01, see figure 4). No differences in backwards trunk motion were documented 
across the 3 test conditions for forward support-surface rotation, with and without a 
roll component (see figures 3 and 4).  
Figure 4: Mean forward and backward pitch of the trunk at 300 and 700 ms and mean left and
right trunk roll angle at 200 and 700 ms after stimulus onset. The columns indicate the mean and
standard error of mean for different combinations of pitch and roll perturbations as indicated
along the plot abscissas. Differences between the means are indicated by the insert (wrt = with
request to). Note the highly significant effect of the full-corset condition on trunk angles with
respect to the no-corset condition. 
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Forward rotations yielded a comparable backward rotation of the trunk at 300 ms 
and trunk straightening of the trunk by 700 ms (figures 3 and 4). For these 
perturbation directions, most pitch rotation of the trunk is about the knees (Allum et 
al 2003). 
A second major difference with the corsets occurred for trunk roll motion. Figures 2, 
3 and 4 show that trunk roll motion at 200 ms was reversed in direction for the full 
corset condition with respect to both other corset conditions.  
Instead of the normal tilt of the trunk to the left when the support-surface is tilted to 
the right, the trunk tilted rightwards too with the full corset. Onset of trunk roll motion 
was also delayed some 25 ms for the full-corset condition (see trunk roll angle traces 
in figures 2 and 3). This change in trunk roll direction was also documented using 
the average trunk velocity between 90 and 130 ms (F (2,8) = 12.5, P = 0.003). 
This effect occurred for all support-surface rotations with a roll component (see polar 
Figure 5: Polar plots of initial trunk roll velocity and ankle torque AP changes. The mean
population amplitude of the responses is plotted as the value along a medial spoke of the plot
according to the scales between the plots. The standard error of each mean is shown added to
the mean. The directions of the platform perturbations are equivalent to those of the spokes.
Amplitudes that are significantly larger for the no-corset compared to the full-corset condition (p
< 0.05) are indicated by asterisks. To the left of the polar plot and right of the AP torque trunk
roll velocity polar plot, the vector directions of ankle torque and trunk velocity are shown. Note
the lack of change in ankle torque direction (except for 45° when A-P torque is practically zero)
but reversal in direction of trunk movement for the full-corset condition for all combined roll and
pitch perturbations. Significant differences in amplitude are marked with an asterisk on the polar
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plots in figure 5) and produced a significant difference in full-corset trunk roll angles 
at 200 ms with respect to other test conditions (lower part figure 4). The initial 
reversal of trunk roll motion for the full-corset persisted. Roll amplitude at 700 ms 
(figure 4) remained significantly different from the other conditions (P<0.05).  
 
Despite these significant differences in trunk roll motion, the head was accelerated in 
the same direction for all three corset conditions (to the left for rightward surface 
rotations and vice versa; see figures 2, 3 and 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, differences in initial head acceleration (average at ca. 100 ms) were found 
Figure 6: Mean amplitude of head roll angular acceleration between 90 and 110 ms (upper row of
columns). Mean ampli-tudes of arm angles at 200 ms (lower row of columns). The column heights
repre-sent mean population values and the error bars the standard error of the mean. A # symbol
next to a column indicates a significant difference of the full-corset mean with respect to other
corset conditions (see insert). The directions of the combined roll and pitch perturbations are
indicated along the plot abscissas. Note the highly significant effect of the full-corset condition on
head roll acceleration and arm roll angles.  
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across test conditions (F (2,8) = 28.6, P = 0.001). Head acceleration was greater 
with the full corset for all perturbation directions involving a roll component (P < 0.01; 
see figure 6). 
 
Lower leg rotations occurred mostly in the first 350 ms (see figures 2 and 3) after 
onset of the platform movement (backwards with perturbation rotation backwards 
and vice versa). We found relatively small differences in pitch rotations of the lower 
leg (measured as the change between 100 and 300 ms) across stiffness conditions 
(F (2,8) = 20.0, P < 0.01). Post-hoc comparisons showed a significant reduction (P < 
0.05) with the full corset for the forward left direction (figure 3), which also produced 
the largest left lower leg rotation with no corset. 
 
Consistent with the decrease in lower leg pitch ankle rotation for forward 
perturbations, and the slight off-pitch directional sensitivity of ankle torque (see polar 
plot lower right, figure 5), left AP ankle torque was smaller with the corsets for 
forward and left perturbations (figure 5). As measured by the torque change between 
160 and 260 ms, there was a significant interaction effect between corset condition 
and the direction of platform rotation (F (10,40) = 3.0, P = 0.004).  
 
Recordings of left lower arm movements indicated major differences across test 
conditions. The early arm movements with the full-corset, like the trunk movements, 
were in the opposite direction to the arm movements of the other corset conditions 
(figures 2, 3 and 6). The amplitudes of roll arm movements measured at 200 ms, 
when the initial arm movements plateaued before moving again, were different 
across test conditions (F(2,8) = 5.3, P = 0.04). Post-hoc comparisons showed 
increased amplitudes for the full-corset following all support-surface rotations with a 
roll component (P < 0.001, see figure 6).  
 
 
EMG activity 
The stiffening corset-conditions led to reduced amplitudes of balance correcting 
activity in some muscles. Figure 7 shows an example of the population EMG traces 
for a backward-right rotation of the support surface. These traces reveal a major 
effect on trunk muscle activity and a lesser effect on the ankle muscles. 
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The corsets caused a significant reduction of pre-stimulus background activity (BGA) 
in tibialis anterior (F (2,8)=6.9, P=0.02), soleus (F (2,8) = 6.9, P = 0.02), 
gastrocnemius medialis (F (2,8) = 5.5, P < 0.03) and peroneus longus (F (2,8) = 4.5, 
P = 0.05) muscles (see also figure 7). BGA in paraspinals was not changed (figure 
8). The BGA was lowest for the full corset condition in soleus, peroneus longus, and 
Figure 7: Leg, trunk and arm muscle responses to a backward right rotation of the support-
surface. Details are provided in the legend to figure 2.  
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gastrocnemius (P < 0.05; figure 8). In tibialis anterior, the half-corset condition 
yielded the lowest BGA (P < 0.01). The tendency for stretch reflex responses to 
decrease for the full-corset condition (see figure 7) in soleus and gastrocnemius 
muscles was not significant once these response amplitudes were corrected for 
BGA. 
 
The effect of the corsets on balance-correcting responses in ankle muscles (120 - 
220 ms measurement period) varied (figure 9). The general trend was a response 
decrease, when subjects wore the corsets, in ankle plantar-flexor muscles following 
forward rotations of the support surface. However, in the ankle dorsi-flexors, tibialis 
anterior, responses did not change for any perturbation direction (figure 9). Balance 
correcting responses in soleus were decreased for the corset conditions (F (2,8) = 
8,4, P < 0.01) in particular for forward rotations (P < 0.05, see figure 9).  
 
Figure 8: Mean background activity in leg and trunk muscles for different corset conditions. The
height of each of the columns represents the average background activity measured in the 100
ms period prior to stimulus onset. Error bars of the means are also shown. The general
tendency is for the background activity to decrease in the order no-corset, half-corset, full-corset
(except for tibialis anterior). 
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Similar amplitude reductions were noted in gastrocnemius (F (2,8) = 2.3, P = 0.03; 
not illustrated), and in peroneus longus (F (2,8) = 7.8, P = 0.013) across almost all 
directions, except for pure forward perturbations (figure 9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The directional sensitivity of ankle muscles, which is normally aligned along the pitch 
plane (Carpenter et al. 1999), was not changed by the corset conditions (figure 9).  
 
Figure 9: Polar plots of amplitudes of balance-correcting responses in leg and trunk muscles. Note
the lack of changes in tibialis anterior but changed trunk responses for the half- and full-corset
condition. The plots are formed in the same way as those in figure 5.  
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Paraspinal balance correcting activity decreased for corset conditions (F (2,8) = 6.7, 
P = 0.02), in particular for all backward tilt directions (P < 0.05; Figure 7). 
 
Major changes in left-to-right activation ratios of paraspinals would be expected for 
the half-corset conditions if trunk sway were corrected to that occurring with no 
corset. For this reason, we examined the ratio between left- and right-sided 
paraspinal balance correcting activity and found that this ratio was preserved with 
the half-corset (1.5 and 3.2 for backward left and right rotations, respectively) 
compared to the no-corset condition (1.3 and 2.9, respectively). Thus, despite the 
reduced paraspinal activity but maintained activation ratio, the trunk still moved more 
uphill with the half-corset than for the no-corset condition (figure 4). Paraspinal 
activity has presumably little effect on trunk roll during the full-corset condition, 
hence it is not surprising that responses were reduced for this condition.  
 
Although our recordings were limited to only one arm muscle, deltoid, the slight shift 
of the peak activity in the deltoid muscle to earlier occurrences for the full-corset 
condition is consistent with the larger left arm movements observed for this condition 
(figure 7). Neither the onset of deltoid activity nor its area between 120 – 220 ms 
was changed by the corset conditions. 
 
 
Discussion 
We used two different types of stiffening corsets to evaluate postural control and to 
study how the CNS might compensate for upper body stiffness by adapting muscle 
synergies and movement strategies. Our main finding was that both types of corset 
caused profound changes in the profile of trunk movements, indicating that stiffening 
the hip and trunk of itself increases instability and therefore the likelihood of a loss of 
balance. The effect was different in the pitch and roll planes, but in both planes little 
adaptation of muscle synergies to improve stability occurred. Changes in trunk pitch 
motion induced by backward directed tilts of the support surface (causing backwards 
perturbations of the centre of mass (COM)) were noted even with the half-corset. No 
changes were noted when the COM was perturbed forwards, suggesting that 
movements about the hips and knees, and therefore the effect of hip stiffness, play a 
different role in maintaining balance for backwards and forwards perturbations. The 
observed changes in trunk movements and resultant instability were greater for the 
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full-corset, compared to the half-corset, particularly in the roll plane, suggesting that 
flexibility of the entire trunk normally plays a vital role in maintaining balance. The 
observed reversal of trunk roll motion with the full-corset (but not the half-corset) 
replicated earlier findings in a total leg proprioceptive loss patient (Bloem et al., 
2002) and, to a lesser extent, in healthy elderly subjects (Allum et al., 2002) and 
patients with Parkinson’s disease (Carpenter et al., 2004), thereby suggesting that 
axial stiffness of the entire trunk and pelvis plays a key role in causing instability in 
these subjects, and perhaps in those normal subjects that stiffen with a fear of 
falling. The instability that resulted from wearing the full-corset was associated with 
reversed and larger arm movements in roll, presumably reflecting compensation. 
These findings will be discussed in more detail below. 
 
 
Postural control in the pitch plane 
For pitch perturbations backwards that rotated the COM backwards too, but the 
trunk forwards, the amplitude of trunk motion was changed by the corsets, but not its 
direction. Generally, the full-corset condition caused the greatest instability in our 
healthy young subjects. However, even the half-corset conditions led to changes in 
postural corrections. For example, during the half-corset condition, we observed an 
increased early forward pitch of the trunk following perturbations that induced 
backward directed instability of the COM. This latter finding can be explained as an 
increased hinging movement of the trunk about the lumbro-sacral joints due to 
stiffening of the more caudal hip joints and therefore a more rapid effect of 
abdominal balance-correcting muscle responses on upper trunk motion. This finding 
suggests that corrective movements about the hips and lumbro-sacral joints are both 
an integral part of normal balance-correcting movement-strategies, at least for 
postural corrections in the pitch plane. Normally both early passive hinging and 
active muscle action underlie forward motion of the trunk. The most rapid forward 
motion occurs when abdominal muscles are active (Allum et al. 1993). Thus the 
even more rapid action with the half-corset is most parsimoniously explained by this 
muscle action not adapting sufficiently to the changed hip stiffness. The hinging 
movement of the trunk was not seen during the full-corset condition, because now 
the entire trunk was immobilised. For the full-corset condition, we observed a 
decreased late forward pitch of the trunk following backward perturbations, and this 
led to considerable instability. We noted no changes in A-P directed ankle torques 
for backwards perturbations. Taken together, these results indicate that important 
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postural corrections occur at both the hip and lumbro-sacral joints when the COM is 
perturbed backwards. 
 
The stiffening corsets hardly affected trunk pitch movements following rotational 
perturbations that caused forward movement of the COM. Indeed, forward 
perturbations yielded with a comparable backward trunk rotation at 300 ms, and a 
comparable trunk straightening at 700 ms, no differences for all three test conditions. 
This can be explained by the fact that such forward falls are mostly absorbed and 
corrected by flexing movements about the knees and ankles (Allum et al., 2003) and 
that same ankle torque compensation may have occurred for this direction (figure 5). 
These different findings for backwards and forwards perturbations of the COM may 
also have some clinical relevance by indicating that trunk stiffness that occurs with, 
for example, aging (Allum et al., 2002) will mostly lead to backward falls. Such 
backward falls are a leading cause of wrist fractures in the elderly (Nevitt and 
Cummings, 1993). 
 
 
Postural control in the roll plane 
When a roll component was added to the perturbation, we found not only changes in 
amplitude of trunk motion, but also directional changes. Similar to the pitch plane 
perturbations, we again observed an interesting discrepancy between the half- and 
full-corset conditions. Here, the most salient finding was a reversal of trunk roll 
motion that occurred during the full-corset condition, but not during the half-corset 
condition. Thus, with only the pelvis stiffened (half-corset condition), the trunk moved 
faster in roll compared to the no-corset condition but the direction of trunk motion 
was unaltered. The trunk still moved in the opposite direction to that of support 
surface tilt. With both the pelvis and the trunk stiffened (full-corset condition), the 
trunk roll was in the same direction as support-surface tilt. This observation has 
several implications concerning the effect of “tensing up” muscles, be it as the result 
of a disease state or a fear of falling. The reversal of trunk roll motion during the full-
corset condition sheds an interesting new light on our observations of increased 
background muscle activity both in totally proprioceptive loss patients (Bloem et al., 
2002), those with bilateral vestibular loss (Carpenter et al., 2001) and those with 
Parkinson’s disease (Carpenter et al., 2004). We wondered whether this excessive 
background muscle activity caused increased stiffness of the hips and trunk leading 
to poor trunk control in the roll planes. This explanation seemed plausible because 
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the reversal in trunk movements occurred very early (some 50 ms) after onset of the 
perturbation, and therefore too early to be reflexive in nature (Bloem et al., 2002). 
Our current findings corroborate this suggestion, as passively induced stiffness 
during the full-corset condition led to a very comparable and early reversal of trunk 
movements in the roll plane. It is conceivable that either an increase of passive 
stiffness or an increase in the background activity or both underlies the reduction in 
compensatory trunk roll movements that occurs with normal aging (Allum et al., 
2002). In some of the elderly, age-related degeneration of joints and ligaments 
leading to stiffness may play less of a role because a fear of falling also leads to 
active stiffening due to increases in background muscle activity. In others without a 
fear of falling, joint stiffness, as in our young subjects, fitted with the corsets, may be 
the dominant factor. It is also possible the greater reliance of the non-fearful elderly 
on joint stiffness to control posture leads to lower background muscle activity. We 
observed a similar phenomenon in these experiments (figure 8). These observations 
may have some clinical relevance. The reversed trunk roll motion, as induced by a 
stiffening full-corset, forced the COM to be displaced into the same direction as the 
platform rotation, i.e. into the direction of the impending fall. It is therefore possible 
that loss of hip and trunk flexibility predisposes subjects to lateral falls, which are 
commonly associated with hip fractures (Nevitt and Cummings, 1993; Greenspan et 
al., 1998). 
 
 
Compensatory strategies using the arms 
One of our goals was to examine how young healthy subjects would compensate for 
a sudden loss of intersegmental flexibility. We were particularly interested to 
examine adaptations in corrective arm movements, as these are an important 
defence strategy in case of imminent falls (McIlroy and Maki, 1995). For the full-
corset condition, where instability was greatest, we observed that arm movements in 
the roll plane were increased in amplitude and reversed in direction. That is, the 
arms were stretched out „downhill“ into the direction of the imposed lateral instability 
during the full-corset condition, whereas the arms moved „uphill“ (away from the 
imposed lateral instability) during the normal, no-corset, condition. This latter finding 
replicates our earlier observations in the elderly (Allum et al., 2002) and suggests 
that young healthy subjects, when they can, use their arms to grasp for „uphill“ 
support  and thereby prevent loss of stability. In addition, moving the arms opposite 
to the perturbation direction helps to keep the COM away from the impending fall 
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direction (Grin, 2003). Interestingly, the reversal of arm movements seen with the 
full-corset condition resembles the pattern seen in healthy elderly persons (Allum et 
al., 2002). There are at least two possible explanations. First, stiffening the hip joint 
and forcing the body to move more like an inverted pendulum may create 
uncontrollable instability unless large compensatory arm movements are used. 
According to this concept, young but artificially stiffened healthy persons, as well as 
elderly persons with age-related loss of trunk flexibility, may sense their lateral 
instability (caused by abnormally directed trunk movements) and try to minimise the 
impact of a possible fall by directing their arms into the direction of the presumed 
impact. Second, arm movements are obviously linked to those of the trunk, and 
perhaps initially are always similarly directed as the trunk. Indeed, in all our previous 
studies, the arms always moved into the same direction as the trunk (Allum et al., 
2002; Carpenter et al., 2004). It would be interesting to determine if the coupling 
between movements of these body segments can be dissociated under different 
experimental conditions. 
 
 
Lack of leg and trunk compensatory muscle synergies 
We also recorded EMG activity to evaluate if some compensation for stiffness 
occurred in the form of changes in muscle activation patterns. A consistent 
observation was that balance correcting activity decreased during the corset 
conditions. This pattern differs from the increase in late balance correcting activity 
that we observed previously in the leg muscles of elderly subjects (Allum et al., 
2002) and those with vestibular loss (Carpenter et al., 2001). We interpreted this 
increased balance correcting activity as a compensatory strategy, but why then was 
this not seen in young-and-artificially-stiffened persons? One possible explanation is 
that the robust adaptations in corrective arm movements provided sufficient 
compensation for our current subjects, thereby obviating the need for additional late 
muscular compensation. Another possible explanation is that short-term exposure to 
artificial stiffness is not enough to elicit the full repertoire of compensatory strategies 
that can be seen in persons with „chronic“ deficits that have gradually developed 
over months or years (Allum and Honegger, 1998, Bloem et al., 2002). A third 
explanation is that the proprioceptive receptors at the level of the trunk, which have 
been assigned a central role in the triggering of postural responses (Bloem et al., 
2000, 2002; Carpenter et al., 2001), were hardly stimulated because of the artificial 
reduction in trunk flexibility. However, one would expect that other sensory systems 
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– such as the vestibular system – might also contribute to generating compensatory 
muscle synergies. Finally, the single order of testing we used, where full-corset 
condition was employed last, may have masked some of the adaptation. The lack of 
a counter-balanced order of testing is in fact a limitation of this study. 
 
When young normals without corsets are suddenly tilted to one side by a support-
surface rotation having a roll component, the legs acting like pistons, push the pelvis 
in the same direction. In contrast, the trunk hinges at the waist and rotates in the 
opposite direction to that of the legs and pelvis (Allum et al., 2003). Because the 
head also moves in the same direction as the trunk both the head and trunk 
segments are rotated “uphill” thereby helping to prevent, early on, a possible fall 
downhill. Because these rotations commence within 30 ms of tilt support surface 
(see figure 2 and Carpenter et al., 1999) and just prior to the onset of stretch 
reflexes in hip and trunk muscles (Allum et al., 2002, 2003), we assume these 
movements represent the mainly passive biomechanical response of the young body 
to the tilt. The appropriate balance correcting response (to ensure stability is 
maintained) is to keep the trunk more or less in the same position achieved 
biomechanically by activating the uphill and unloaded paraspinal muscles more than 
the downhill and stretched contralateral paraspinal and abdominal muscles. The 
sensory signals that contribute to triggering and modulating this response synergy 
are presumably those muscle receptors whose afferents are excited or inhibited by 
the early stretch and unloading reflexes in paraspinals and gluteus medius (Allum et 
al., 2003), signals from joint receptors in the spinal column, and vertical semicircular 
canal afferents responding to the over 400°/sec2 angular accelerations of the head 
(figures 2, 3 and 6). 
When the pelvis was stiffened with the half-corset, and initially moved slightly faster 
“uphill” than normal, the reduced activation of paraspinal muscles still caused the 
trunk to move once more uphill after 200 ms (figures 2, 3 and 4), leading to a large 
overshoot of the trunk roll profile. It is possible that further reductions of paraspinal 
response amplitudes might have yielded an identical response to that with no corset. 
However, such a reduction appeared to be beyond the short-term adaptation 
capabilities of the CNS. 
 
When the trunk was stiffened in addition to the pelvis with the full-corset, the trunk 
moved in the downhill direction (figures 2, 3, 4 and 5). An appropriate response 
would have been to decrease the activity of the uphill paraspinals even more 
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because such activity with an incompliant trunk would have no or little effect on 
moving the trunk uphill again. The responses observed in paraspinal responses 
were decreased even more than with the half-corset (see figures 7 and 9). Under 
these circumstances, if the body can be controlled about the ankle joints as an 
inverted pendulum, leg muscles alone, should be used to move the body more uphill 
to a stable position. In fact, the trunk motion downhill was not compensated by larger 
laterally acting, leg muscle activity (see figure 9). Presumably the large inertion of 
the body acting around the ankle joints cannot be controlled adequately by the small 
ankle torques available. 
 
Given these limitations of the CNS to generate appropriate balance-correcting 
synergies, it is instructive to look at the problems that might occur with the 
integration of sensory signals useful for generating appropriate balance corrections 
when the trunk is stiffer. The pelvis is driven by the legs to move relative to the trunk. 
The trunk then hinges about the pelvis and the trunk falls in the opposite direction to 
pelvis rotation (and support surface rotation). As the trunk gets stiffer, particularly in 
the thoracic segments, less hinging of the trunk occurs. This effect leads to stretch 
and unloading responses in paraspinal muscles that are slightly reduced in the 
elderly (Allum et al., 2002). Depending on the stiffness of the trunk, a cessation in 
hinging motion occurs and the trunk reverses in direction. This was observed in the 
current experiments for the full-corset condition, and also occurs in patients with 
pathologically stiff trunk motion (Bloem et al., 2002), and in the elderly, for whom the 
trunk hardly moves at all (Allum et al., 2002). Presumably, flexibility appears to 
permit more relevant sensory information about trunk motion to reach the CNS. The 
head, though, continues to move in the same direction it would have had the trunk 
hinged (figures 4 and 6) just as it did in the elderly (Allum et al., 2002) albeit with a 
faster acceleration (figure 6) due to a presumed whiplash effect. Thus, two of the 
sensory signals (muscle proprioception and vestibular afferents) presumably used to 
generate appropriate balance corrections appear to provide different, even if 
sufficient, information on the actual trunk movement. It is perhaps the integration of 
these differing signals that caused problems for young subjects with artificially 
increased stiffness (and also for the elderly with age-related stiffness) to generate an 
appropriate roll-stabilising muscle synergy. 
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Arm movements and trunk motion 
When stance is perturbed, arm reactions could provide at least three types of 
compensatory reactions. (Mc Ilroy and Maki, 1995, Maki and Mc Ilroy, 1997). First to 
create a righting reaction on the trunk, the downhill arm must be rapidly abducted 
out in the same direction as the trunk is falling. Second to maintain equilibrium and 
prevent falling, the uphill arm should be abducted to provide a counterweight to the 
downhill lean of the legs and pelvis. Third, if equilibrium cannot be regained, the 
uphill arm will be adducted and downhill arm abducted to grasp a handrail or to 
buffer the impact of a fall. The first and third functions are complementary as the 
downhill arm moves in the same direction. 
 
The current results provide insight into the role of arm movements in creating 
righting torques on the trunk and preparing to cushion a fall. The records of lower-
arm angles in figures 2 and 3 confirm earlier results seen with normal populations of 
different ages based on upper arm recordings (Allum et al., 2002). As with the upper 
arm, the initial lower arm movements appear to be biomechanically driven as these 
parallel the trunk roll movements. That is, trunk roll right with the full-corset leads to 
left adducting arm movements following a right tilt and small oppositely directed left 
arm movements with no-corset or the half-corset (figures 2, 3 and 6). However, 
under all corset conditions arm adducting movements followed these initial 
responses and tended to push the trunk slightly uphill (figures 2 and 3). Because of 
the initial arm movement and the large subsequent movements, the arms ended up 
further downhill and were statically destabilising for the full-corset condition.  
 
The recognition that adequate control over arm and trunk motion is vitally important 
for maintenance of stable posture may help ameliorate some of the clinical 
manifestations of balance disorders. For example, programs to help the elderly 
develop a more adequate protection against falls by raising the uphill arm rather 
than moving it downhill as the young did with the full-corset may help to reduce 
falling tendencies of the elderly. Reduction of trunk stiffness by physical therapy 
thereby improving trunk flexibility would be another means to achieve adequate 
balance control in the elderly.  
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Relationship of biomechanical recordings to models of ankle and hip  
movement strategies 
The control of human posture during quiet standing and when stance is perturbed 
has often been modelled in a number of studies as an ankle and/or a hip strategy. 
The ankle strategy assumes that the body’s COM is repositioned by moving the 
whole body as a single-segment, inverted pendulum, about the ankle joints, either by 
controlling ankle muscle stiffness or by increasing ankle muscle activity and 
changing the “muscle-spring” offset position (Nashner and McCollum, 1985; Horak 
et al., 1990; Winter et al., 1996, 1998; Morasso and Sanguinetti, 2002). The hip 
strategy involves antiphasic motion about both the ankle and hip joints (Nashner and 
McCollum, 1985; Horak et al., 1990; Winter et al., 1996, 1998; Runge et al., 1999). 
Extensions of these strategies include a mixed hip-ankle strategy (Kuo and Zajak, 
1993; Kuo, 1995).  
 
Neither the ankle nor the hip strategy for the pitch plane takes knee rotations into 
account. Indeed, both strategies assume that the knee is locked (Nashner and 
McCollum, 1985). However, knee locking only occurs for backward rotations 
(Carpenter et al., 1999) but not for forward rotations (Allum et al., 2003) or 
translations (Allum and Honegger, 1998) of the support surface. The effect of 
ignoring knee flexion changes the mode of control and underestimates the CNS 
processing used to maintain balance. Thus, the fact that we did not find major 
differences in movement strategies for forward support-surface rotations which 
induced rearward trunk motion is to be expected because flexion of the knees and 
ankles are the distinguishing characteristics of the response strategy for this 
perturbation (Carpenter et al., 1999; Allum et al., 2003). In hindsight we regret not 
having recorded knee angles in the present study, but we were limited in the number 
of recording channels available. 
In models of hip motion, used to describe the response strategy in response to pitch 
and roll plane perturbations, the hip-pelvis-trunk complex is reduced to a single hip 
joint only. Evidence for splitting these into at least two joint complexes emerges from 
recent studies of body motion after lateral perturbations to the trunk (Winter et al., 
1998; Rietdyk et al., 1999). Evidence of antiphasic motion of the pelvis and trunk for 
roll plane perturbations was postulated based on the gluteus medius and paraspinal 
stretch reflexes following roll tilt of the support surface (Carpenter et al., 1999, Allum 
et al., 2002). For example, in response to a tilt of the support surface to a left, stretch 
reflexes in the right gluteus medius and the left paraspinals were observed. Short 
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latency, unloading responses were observed for both the left gluteus medius and the 
right paraspinal for the same tilting direction. This reflex activation pattern was a 
strong argument that the upper-leg, pelvis and trunk are linked by at least two joints 
and not as one single joint as in many models of hip motion. Furthermore, our recent 
recordings of pelvis and trunk motion confirm this antiphasic mode of motion for roll 
perturbations (Allum et al., 2003). Our present study showed that by stiffening only 
the hip joint with the half-corset caused the trunk to move faster forward about the 
lumbro-sacral joint following backwards support-surface rotations, or faster laterally 
following roll support-surface rotations. Thus rotation of the trunk relative to the 
pelvis is a crucial element of the movement strategy for roll and backward tilts of the 
support-surface. 
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balance-correcting commands in man2 
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Introduction 
There may be several primary trigger signals for muscle responses resisting 
unexpected perturbations to human stance. Two general concepts have been 
proposed with respect to both the trigger origin of these responses and their 
propagation along the body. Some researchers support the theory of a distal to 
proximal activation of postural muscles, primarily triggered by sensory input from the 
ankle joint (Nashner et al. 1982; Horak and Nashner, 1986; Horak et al., 1990). This 
concept emerged from recordings of an early activation, at 50 ms in triceps surae, 
with support surface pitch displacement, followed by successive activation of 
balance corrections along the dorsal surface of the body (triceps surae, hamstrings, 
paraspinals). However, other studies described earlier onsets of muscle activity than 
those in triceps surae in more proximal muscles, for example, in the gluteus medius 
(Bloem et al., 2002; Carpenter et al., 1999), the external abdominal oblique (Moore 
et al., 1988), neck muscles (Keshner et al., 1988), and arm muscles (McIlroy and 
Maki, 1995). Such proximal activity would not support the theory of distal to proximal 
activation of balance-correcting responses, regardless of the trigger signal. Such 
proximal responses could, however, simply be an anticipatory stabilising reaction 
prior to the main effector action in leg muscles.  
 
The concept that proprioceptive input from the ankle joint provides the primary 
trigger signal for pitch-plane balance-corrections has been questioned too. For 
example, patients with lower leg diabetic neuropathy (absent lower-leg stretch 
reflexes) have adequate and practically unaltered balance correcting responses in 
the lower leg muscles under normal and “nulled” ankle input conditions (Bloem et al., 
2000). Therefore, some researchers have postulated that the primary trigger for 
postural reactions originates in various sensory receptors in more proximal sites 
such as the knees, hips, and trunk (Allum et al., 1993; Di Fabio, 1995; Forssberg 
and Hirschfeld, 1994; Do et al., 1988; Horstmann and Dietz, 1990). Moreover, an 
investigation of a total leg proprioceptive loss patient due to a dorsal root 
ganglionopathy (absent proprioception in both the ankle and knee joint, with severe 
impairment, but not total loss of proprioception at the level of the hip) provided 
convincing evidence for a directionally sensitive triggering mechanism residing 
above the ankle joint (Bloem et al., 2002). The onsets of the balance-correcting 
responses in hip and trunk muscles were not delayed. This patient had significant 
delays in the onset of balance-correcting responses in both soleus and tibialis 
anterior suggesting that knee inputs may be crucial for triggering pitch plane 
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responses (Bloem et al., 2002). 
 
Because directionally sensitive trigger signals appear in the stretch reflexes of the 
hips and trunk muscles (Carpenter et al., 1999; Allum et al., 2003) and the balance-
correcting responses of these muscles have a strong roll component too, a second 
concept for triggering of balance corrections has evolved. This concept, with a 
common triggering mechanism underlying responses in sitting and standing, is 
organised around hip muscle responses (Forssberg and Hirschfeld, 1994). 
According to this concept, the CNS uses a proximal-to-distal organisation of 
balance-correcting responses, with roll motion correction taking precedent over 
pitch-plane responses (Allum et al., 2003), because roll motion, following a multi-
directional perturbation to the body occurs before pitch motion (Carpenter et al., 
1999). In support of this concept Carpenter et al. (1999) revealed that the ankle 
muscles reflexes have a strong directional sensitivity for the pitch plane but 
practically none for roll motion, and raised the question whether ankle stretch 
reflexes could provide information on roll perturbations at all.  
 
Inputs from the vestibular and or the visual sensory systems may evoke or 
contribute to the triggered muscle responses as well. Previous research has, 
however, not found a major role for the visual system in either triggering or 
modulating balance correcting responses (Carpenter et al., 1999; Keshner et al., 
1987). Semicircular and otholith receptors of the vestibular system would seem to 
provide appropriate directional triggering information by registering vertical and 
rotational accelerations of the head at very early onsets (within 40 ms, Carpenter et 
al., 2001; Allum et al., 2003). Nonetheless, the contribution of vestibular sensory 
signals to balance corrections appears to be limited to the modulation of the 
magnitude of postural responses. A number of our studies (Allum and Pfaltz, 1985; 
Carpenter et al., 1999, 2001; Allum et al., 2003) have found no alterations in the 
onset latencies of balance-correcting responses in distal and proximal muscles in 
either unilateral or bilateral vestibular-loss patients. An exception is the shorter 
latency registered in the soleus muscles of normal compared to vestibular loss 
subjects for toes down perturbations of the support-surface which causes the head 
to be accelerated vertically downwards. This latency change supports a role for the 
otoliths in triggering postural responses during a downward fall (Greenwood and 
Hopkins, 1976, Carpenter et al., 2001). The afore-mentioned findings add weight to 
the hypothesis that both pitch and roll directed balance-correcting responses must 
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be triggered at sites more proximal than the ankle joints and more caudal than the 
vestibular system. While the evidence indicates a major roll of hip and trunk stretch 
reflexes in triggering roll directed balance corrections, differentiating between knee 
and hip stretch reflexes as the proprioceptive triggering source of pitch directed 
balance corrections remains difficult.  
 
It has been established that when a multidirectional perturbation to stance is 
corrected a multi-segmental strategy is used that involves movements about the 
knees, hips and lower vertebral column in addition to ankle joint motion (Carpenter 
et al., 1999; Allum et al., 2002, 2003; Grüneberg et al., 2004). We assume that the 
CNS must employ a temporal separation in the roll and pitch directed strategies 
following multidirectional perturbations because the response dynamics of the legs 
and trunk are different in the pitch and roll planes (Carpenter et al., 1999, Allum et 
al., 2002, 2003). Adequate balance corrections in these two planes must be 
processed and perhaps generated sequentially as more rapid trunk roll than pitch 
movements are required to compensate for falls with both roll and pitch components 
(Carpenter et al., 1999). Supporting evidence for this notion comes from recent 
studies which demonstrated changes in the temporal coupling between trunk roll and 
pitch motion with sensory deficits (Bloem et al., 2002; Carpenter et al., 2001), ageing 
(Allum et al., 2002) and artificially imposed trunk stiffness (Grüneberg et al., 2004). 
 
In summary, these findings add weight to the hypothesis that the origin and 
execution of balance correcting responses in the pitch and roll planes must be 
organised separately. To date, there have been no studies which have examined 
postural reactions to multi-directional perturbations by separately applying roll (or 
lateral) and pitch (or anterior-posterior) components of the perturbation in order to 
tease out details of the CNS organisation in this regard. We choose to investigate 
the separation of the CNS control of roll and pitch body motion by employing first a 
roll stimulus delay with respect to pitch equal to the delay of stretch reflexes in leg 
muscle (ca. 50 ms) and secondly a roll delay of 150 ms based on differences in the 
timing of peaks in trunk roll and pitch angular velocities when no delay is present. 
The hypothesis we examined here was that pitch motion would be controlled by 
motion mainly about the ankle and knee joints and roll motion by motion about the 
hip and lumbro-sacral joints with little interaction between the two types of motion 
control. 
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Methods 
Nineteen healthy subjects (9 male, 10 female) of ages ranging from 19 to 29 years 
participated in this study. All subjects gave witnessed informed and written consent 
to participate in the experiments according to the Declaration of Helsinki. The 
Institutional Review Board of the University Hospital in Basel approved the study. 
 
 
Outcome measures 
Biomechanical and EMG outcome measures were collected using previously 
described techniques (Carpenter et al., 1999, Allum et al., 2002). To record EMG 
signals, pairs of silver-silver chloride electrodes were placed approximately 3 cm 
apart along the muscle bellies of left tibialis anterior, left soleus, left peroneous 
longus, left gluteus medius, left paraspinals at the L1-L2 level of the spine, and left 
abdominals externus. EMG amplifier gains were kept constant and pairs of 
electrodes and lead lengths assigned to individual muscles were not changed 
between subjects throughout the experiments. 
 
Support-surface reaction forces of the left foot were measured from strain gauges 
embedded within the rotating support. The strain gauges were located under the 
corners of the plate supporting the left foot. From these forces, the anterior-posterior 
(AP) and medio-lateral (ML) ankle torques were calculated for the left foot. A similar 
system measured forces and torques applied by the right foot. Angular velocity of 
the upper trunk in the pitch and roll planes was collected using Watson Industries 
transducers (+/- 300°/s range) mounted onto a metal plate that hung at the level of 
the sternum from shoulder straps that wrapped around the shoulders back and 
chest. To measure lower leg angle in the roll and pitch planes a lightweight metal rod 
was fixed with an adjustable strap to the lateral aspect of the left tibia, about 4 cm 
below the level of the lateral condyle. The rod was connected to a potentiometer 
located on the pitch axis of the platform. Estimates of ankle dorsi-flexion and 
inversion were calculated based on the differences between these angles and the 
support surface pitch and roll rotation, respectively. Head linear and angular 
accelerations were computed from the outputs of 4 dual axis linear accelometers, 
(Entran) with ranges of ± 5 g, mounted at 90° separation on a lightweight, 
adjustable, head-band. The variable measured for this study was the roll angular 
acceleration (difference of the vertical linear accelerations at the level of the ears).  
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Procedure 
The subject’s feet were lightly strapped into heel guides fixed to the top surface of 
the dual-axis platform which rotated about the pitch (forward-backward) and roll 
(lateral tilt) planes. The guides were adjusted in the AP direction to ensure that the 
ankle joint axis was aligned with the pitch axis of the rotating platform. The roll axis 
had the same height as the pitch axis and passed between the feet. Just prior to the 
experiment, subjects were asked to assume their ‘preferred’ standing posture with 
the arms hanging comfortably at their sides. At each individual’s ‘preferred-stance’ 
position, we measured the low pass filtered (5Hz) sum of the AP torques from the 
two strain gauge systems embedded in the surface of the rotating platform under 
each foot. This measurement was then treated as the reference value for ‘preferred-
stance’ for the remainder of the experiment. 
 
Subjects were presented 99 perturbations in three series of 33 perturbations each 
with a rest of 5 minutes between each series. The order of the series presentation 
was counterbalanced among the subjects. The first trial of each series was excluded 
from further analysis to reduce habituation effects entering the data (Keshner et al., 
1987). The remaining 96 perturbations consisted of randomised order of eight 
different perturbation directions and 3 types of delays of the roll perturbation with 
respect to pitch (0, 50 and 150 ms). All perturbations had one velocity (60°/s), and a 
constant amplitude of 7.5°. Defining 0° as a forward pitch rotation and 90° as a right 
roll rotation the eight perturbation directions were 23, 68, 113, 158, 203, 248, 293 
and 338°, that is with a direction separation of 45°. Each delay-direction combination 
was therefore presented 4 times to each subject. 
 
Each perturbation was preceded by a random 5-20 s delay. During this period, 
subjects were asked to monitor an oscilloscope, which was located at eye level, 
approximately 1 m in front of them. This oscilloscope displayed online the low pass 
filtered AP torque, which was measured as described above. Using this visual 
feedback, subjects were required to maintain AP ankle torque within a range of +/- 5 
Nm from their ‘preferred-stance’ reference value. The 5-20 s interstimulus delay was 
initiated automatically once the platform had returned to its original pre-stimulus 
position and the subject had regained and maintained his preferred vertical position 
as monitored by AP ankle torque reading. In response to each rotational 
perturbation, subjects were instructed to recover their balance as quickly as possible 
using in-place reactions. Because of the foot straps, stepping reactions were not 
possible. Three handrails (generally 80 cm high but adjustable to hand height of 
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each subject) were located at a distance of 40 cm to the sides and to the front of the 
platform centre. Subjects were informed they were allowed to grasp the handrails, if 
needed. They did not need to. A spotter was always present to lend support in case 
of a fall, but no falls, or near-falls, occurred. 
 
 
Data analysis 
All EMG and biomechanical recordings were initiated 100 ms prior to perturbation 
onset and had a sampling duration of 1s. EMG recordings were band-pass analog 
filtered between 60-600 Hz, full wave rectified, and low pass filtered at 100 Hz prior 
to sampling at 1 KHz. All biomechanical data were sampled at 500 Hz after passing 
through anti-aliasing filters and digitally low-pass filtered off-line at 25 Hz using a 
zero phase-shift 10th-order Butterworth filter. 
 
Following analog to digital conversion of the data, all biomechanical and EMG 
signals were averaged offline across each perturbation direction/delay combination. 
Zero latency was defined as the first inflexion of ankle rotation velocity and did not 
vary with direction or subject. Subject averages were pooled to produce population 
averages (of 76 single traces) for a single direction and delay (as shown in figures 1, 
2 and 7). Peak trunk roll and pitch angular velocity were calculated as the absolute 
maximum velocity over the intervals between 0-500 ms. To create the angular 
displacements plots of figure 2, angular velocity traces of the trunk were integrated 
off-line using trapezoid integration. Peak head roll angular acceleration was 
calculated as the maximum of the first peak. Ankle torque changes were calculated 
between 160-260 and 280-380 ms. 
 
Integrated EMG (iEMG)  were calculated for several stretch reflex and balance 
correcting intervals. All areas were calculated using trapezoid integration and were 
referred to baseline activity levels in the 100 ms prior to stimulus onset. As in 
previous publications, we kept the intervals for calculating stretch reflexes constant. 
The stretch reflex intervals were 40 – 80 ms after stimulus onset (0 ms) for soleus 
and peroneus longus and 30 – 70 ms for gluteus medius, paraspinals and obliques 
externus. For the tibialis anterior muscle the interval between 80-120 ms was used. 
Because we noted a shift in trunk balance-correcting muscle responses with 
increasing roll stimulus delay, we needed to modify our previously used calculations 
of balance-correcting EMG activity (Carpenter et al., 1999; Bloem et al., 2000; Allum 
et al., 2002). These previous studies used fixed intervals (120 – 220 ms and 240 – 
Chapter 3 
 44 
340 ms) to capture such activity. In the current study the intervals for the balance 
correcting activity were referred for all directions to the time of peak EMG activity for 
the perturbation direction giving the maximum response (see figure 1). The 
procedure we followed was: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For each muscle, the perturbation direction with the largest peak EMG activity (and 
its time) was sought for every subject over the interval 100 to 340 ms for 0 ms roll 
delay, 100 to 390 ms for the 50 ms roll delay and, 100 to 490 ms for the 150 ms roll 
delay. Hence, the interval over which we sought balance-correcting responses was 
simply extended with the stimulus delay (see figure 1). As a measure of the 
amplitude of the peak EMG activity we used the area under the EMG activity over an 
interval +/- 40 ms either side of the time (defined here as tmax) of this peak EMG. 
The maximum response direction for each muscle was averaged out across subjects 
to yield one mean maximum direction per muscle and per delay over the sample 
population. 
For this mean maximum direction we defined the duration of the balance-correcting 
response across the population and used this duration interval to compare 
responses across subjects and directions. To find the onset of the balance-
Figure 1: Schema illustrating calculation of areas of balance correcting EMG activity. The
intervals for the balance correcting activity were referred to the time of peak activity for the
perturbation direction giving the maximum response. 
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correcting response, the first EMG activity sample with an amplitude less than 10% 
of the maximum, prior to the peak response at tmax, was sought. To avoid stretch 
reflex activity corrupting the search, the search was ended at 100 ms in leg muscles 
and at 70 ms in hip and trunk muscles. To find the end of the response the first 
sample with anamplitude less than 15% of the maximum, after the peak response, 
was sought. If the end was not found by 340, 390, or 490 ms respectively for the 0, 
50 and 150 ms delay stimuli, the end was set at these times. Across the population 
the intervals between tmax and response-onset, and tmax and response-end were 
averaged for each of the roll delays to yield a population average response duration 
for each stimulus delay type. These were defined as Intm 0, 50 and 150, where Intm 
0 is the sum of tmax to onset and tmax to response end for the 0 ms delay roll 
stimulus type, etc. These intervals are shown schematically in figure 1. 
To determine the areas of the EMG activity, areas were calculated across all 
stimulus directions according to time of peak activity (tmax as defined above) with 
the integration interval fixed across subjects and directions but varying with delay 
type (Intm 0, 50, 150 as defined above). Therefore tmax varied with the subject, 
muscle and roll stimulus delay, whereas the integration interval was fixed across 
subjects (thereby enabling comparisons across directions) but varied with muscle 
and roll stimulus delay. Here, these amplitudes are illustrated in the form of polar 
plots where the amplitude is plotted as the extent along a radial spoke, 
corresponding to the perturbation direction, of the plot (see figure 1). 
 
With this technique we were able to capture variations in balance correcting 
responses across subjects, muscles and roll stimulus delays using the same 
integration areas for all subjects. 
 
Our primary statistical analyses concerned between-condition comparisons for delay 
effects. To examine the effects of different perturbation directions and delay 
conditions, we used a two-way ANOVA model for repeated measurements within 
subjects after testing that the EMG and the biomechanical data were normally 
distributed with a Kolmogornov-Smirnov test. Significant main effects, delay 
condition, and interaction effects with direction, were further explored using post-hoc 
comparisons with a Bonferrroni correction to account for the effect of comparing 3 
delay conditions at once. Differences in the EMG onset, maximum response time 
(tmax), and duration of the response (Intm 0, 50, 150) with stimulus delay were 
tested with one-way ANOVAs and t-tests with Bonferroni corrections. Results with 
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P<0.05 were considered significant.  
 
 
Results 
The delays of the platform roll with respect to the platform pitch were transmitted to 
all body links resulting in progressively delayed roll responses of the legs, trunk and 
the head. The biomechanical decoupling between roll and pitch movements of the 
legs and trunk was quite pronounced. As we shall describe in detail below, the delay 
of the roll movements with respect to the pitch movements did not affect the stretch 
reflex and the balance correcting responses in the lower leg muscles. In contrast, 
the stretch reflex of the trunk muscles were profoundly affected as well as the 
balance correcting responses of the trunk delayed with roll stimulus delay.  
 
 
Biomechanical responses 
Figure 2 shows how the delayed roll movements of the support-surface 
perturbations altered the roll responses of the lower leg, trunk, arm, and head in a 
consistent manner. Figure 2 shows population traces for several biomechanical 
variables measured in the pitch and roll planes in response to a slightly backward 
and right rotation of the support surface in the direction of 113° (90° is a pure right 
rotation). Both delay conditions induced a major difference in the timing of the 
biomechanical responses of the roll movements at the ankle joint, the trunk and the 
head. The peak amplitude of these roll responses at each perturbation direction was 
not changed with stimulus delay. Up to the time point of peak ankle roll angle, the 
pitch and roll ankle responses followed the trajectory of the support-surface rotation 
(figure 2). 
 
The effects of the 50 and 150 ms delay conditions are shown in Figure 3 for pitch 
(dorsi-flexion) and roll (inversion) ankle angular velocity. The right polar plot in figure 
3 shows that there was no significant effect of the delay on the amplitude of peak 
ankle roll velocity (F(2,36)=1.3, P=0.286). There was, however, a consistent, but 
small, change to the amplitude of peak ankle pitch angular velocity (F(2,36)=6.5, 
P=0.004), as the changed mean peak angular velocities had very small standard 
deviations. The significant changes occurred mostly for roll oriented perturbations 
such as for the 68° and 248° directions (P<0.05) - see left polar plot in figure 3.  
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For example, the average values of peak pitch velocity for the 248° perturbation 
direction were –38.5, -32.5 and –31.2°/s for 0, 50, and 150 ms delays respectively, 
with standard deviations of 6.1, 1.7, and 1.4. From these values it is clear that the 
Figure 2: Biomechanical responses to a right and slightly backwards rotation (113°) of the support
surface. Each of the traces is the population average of 19 subjects with 4 responses per subject
for each direction and delay condition. The traces corresponding to the 3 conditions, 0 ms delay,
50 ms delay and 150 ms delay, are indicated by the insert. The onset of the pitch stimulus is
shown by the vertical line at 0 ms and is aligned with the first inflexion of support-surface velocity.
The different directions of movements for the biomechanical variables are indicated by the arrows
to the left of the traces. 
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mean for 0 ms is larger. The 50 and 150 ms delay of the platform roll relative to the 
platform pitch induced a major shift in the time to peak ankle roll angular velocity 
(F(2,36)=19.1, P<0.001). Across rightward directions of 68 and 113°, for example, 
the peak occurred on average at 79 ms for 0 ms delay, 126 ms for the 50 ms delay 
and 226 ms for the 150 ms delay (see lower right, figure 3).  
Thus the stimulus delays of 50 and 150 ms resulted in a consistent 47 and 147 ms 
delay to peak ankle roll velocity. The time to peak ankle dorsi-flexion (pitch) velocity 
Figure 3: Plots of the amplitudes and times of peak ankle angular velocities for pitch and roll
motions. The ankle angular velocity is calculated from the lower leg pitch angle and lower leg
roll angle as well as the platform rotation angles. Differences between lower leg and platform
angles were differentiated to yield ankle angular velocity changes. The absolute value of mean
peak velocity is plotted as the value along a radial spoke of the polar plot according to the
scales between the polar plots. The directions of the platform perturbations are equivalent to
those of the spokes. To the left and to the right of the polar plots, the vector directions for
ankle angular velocity are plotted at the time of the peak roll velocity (at 79 ms for 0 delay and
226 ms for 150 ms delay respectively). Average time to the peak ankle pitch and roll angular
velocity are shown in the column diagrams for all rightward perturbation directions. The
column’s height represents mean population values and the error bars, the standard error of
the mean. A ‘#’ symbol next to a column or polar plot value indicates a significant difference of
the 0 ms delay column with respect to 50 ms delay, a ‘*’ symbol indicates a significant
difference of the 50 ms delay value with respect to 150 ms delay, and a ‘∆’ indicates a
significant difference of the 0 ms delay value with respect to 150 ms delay condition (likewise
for the polar plot values). Note the highly significant effect of delay conditions on the time of
peak ankle roll angular velocity and the vector direction of ankle angular velocity, but not on
the amplitudes of peak roll and pitch velocities. 
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changed for some directions with the stimulus delays (see lower left, figure 3), 
nonetheless the changes were always less than 25 ms and were not consistently 
increased with stimulus delay. The resultant effect of stimulus delays on the vector 
direction of ankle angular velocity is shown by the vector polar plots in figure 3. 
These plots show the vector directions of angular velocity measured at 79 and 226 
ms. At 79 ms, when ankle roll angular velocity peaks on average for the 0 ms delay, 
the vector directions of ankle velocity for the 0 ms delay are directed opposite the 
perturbation direction, but for the 150 ms delay these vectors at 79 ms were shifted 
towards a purely pitch orientation (left vector polar plot in figure 3). At 226 ms when 
the ankle roll angular velocity peaks for the 150 ms delay, the vector directions for 
ankle angular velocity with the 150 ms delay are clearly roll oriented (right vector 
polar plot in figure 3). These results indicate that changes in the timing of roll angular 
velocity and the direction characteristics of ankle angular velocity as well as 
unchanged peak roll amplitudes are consistent with the roll stimulus delays, but any 
changes in timing and amplitudes of pitch ankle angular velocities were variable and 
not linked to the roll stimulus delays in a consistent manner. 
 
Ankle torques changes measured between 160 and 380 ms are associated with 
balance corrections shifting the body’s centre of mass (COM) in a direction opposite 
to the direction of shift caused by the perturbation (Carpenter et al., 1999). In 
addition, roll perturbations cause some pitch displacement of the trunk, but not vice 
versa (Carpenter et al., 1999) when the uphill knee flexes (Allum et al., 2003). Thus 
it is to be expected that the amplitudes of A-P torques will change for directions (see 
figure 4) involving knee flexion (forwards and roll directions, Allum et al., 2003). The 
amplitudes of left A-P torque between 160-260 ms were significantly changed with 
delay condition (F(2,36)=5.9, P=0.006). The effect occurred for all directions 
(P<0.005) except the two more backward pitch directions (P>0.05 for 158, 203°, see 
figure 4). These changes caused the directional sensitivity of the ankle torque 
changes between 160 and 260 ms to be rotated to the right for the left A-P torque 
with the 150 ms delay stimulus. Alterations in the amplitudes of A-P torque between 
280-380 ms were also observed (F(2,36)=10.0, P<0.001) for all directions (P<0.05) 
again with the exception for the more backward directions (P>0.05 for 158 and 
203°). The directional sensitivity of the A-P ankle torque change between 280 – 380 
ms was not altered by the roll delays (figure 4, right).  
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However, the overall vector direction of combined A-P and M-L ankle torques, 
oriented slightly off the pitch axis across most directions was not changed except for 
the near pure roll directions of 68° and 293°.  
Thus, overall ankle AP torque was altered by the stimulus delays in a way consistent 
with the amplitude and timing of roll ankle angular velocities. This was particularly 
apparent in the roll directions. For these directions the delayed roll stimulus will have 
influenced A-P torque by changing the timing of knee flexion and to some extent by 
changing trunk pitch. 
 
The separation of the trunk pitch and roll velocity profiles with the imposition of the 
delayed roll stimulus duplicated that of the ankle joint with the exception that trunk 
pitch was more altered than ankle pitch velocity for left and right slightly backwards 
roll directions (see figures 2, 3 and 5). The major difference with delay appeared in 
the time of the peak trunk roll velocity for all directions (F(2,36)=94.9, P<0.001). As 
Figure 5 right shows, over rightward perturbations, the peak of roll velocity was 
observed on average at 136 ms for 0 ms delay, 200 ms for 50 ms delay, and at 274 
ms for the 150 ms delay. These shifts with delay were significant (P<0.001). That is, 
the stimulus delays were transmitted to similar delays in trunk roll. Similar to the lack 
of effect on the amplitude of ankle roll velocity (Figure 3), no effect of delay on the 
Figure 4: Polar plots of ankle A-P torque responses measured as changes between fixed
balance-correcting intervals. The mean population amplitude of the responses is plotted as
the value along a medial spoke of the plot according to the scales between the plots. The
directions of the platform perturbations are equivalent to those of the spokes. The symbols
#, * and ∆ are explained in the legend to figure 3. 
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amplitude of peak trunk roll velocity was found (F(2,36)=2.0, P=0.141). There were 
some changes in trunk peak pitch velocity and time to peak pitch velocity. The profile 
of trunk pitch velocity was somewhat greater for the slightly backward left and right 
roll directions for the zero delay condition, otherwise unaltered (see figures 2 and 5).  
Changes only occurred for perturbations with a small pitch but large roll component 
(the 113, as in figure 2, and 248° directions). Thus the pitch peak velocity was 
reduced (F(2,36)=19.4, P<0.001), specifically for the 150 ms delay condition for 113° 
and 248° (P<0.05) and the time to peak pitch velocity of the trunk was altered 
(F(2,36)=4.4, P=0.019) being delayed for 68° direction but earlier for the 113° 
direction (P<0.05) with respect to the time for 0 ms delay (figure 5). 
Figure 5: Plots of the time and amplitude of peak trunk velocity in the pitch and roll directions.
The population average of the peak amplitude for roll and pitch responses is plotted as the
value along a radial spoke of the polar plot according to the scales between the plots. The
directions of the platform perturbations are equivalent to those of the spokes. The population
average of time to peak of the trunk pitch and roll angular velocity are shown in the bar
diagram for all rightward directions. The column heights represent mean population values and
the error bars the standard error of the mean. The symbols #, * and ∆ are explained in the
legend to figure 3. To the left of the polar plots, the vector directions of trunk velocity at the
mean time of the peak of trunk pitch for the 0 ms delay (235 ms) are plotted and to the right of
the polar plots the vector directions are plotted at the time of the peak trunk roll for the 0 ms
delay (136 ms). Note the significant effect of delay conditions on the time of peak roll velocity of
the trunk and the much smaller effect on the time of peak pitch velocity. 
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The overall effect of the delayed stimuli on the directions of trunk motion is shown by 
vector direction polar plots in figure 5. These plots indicate the vector directions of 
trunk motion at 235 ms and 136 ms when the trunk pitch, respectively, roll velocity, 
normally peaks for the 0 ms delay stimulus. At 235 ms, when pitch velocity peaked 
for all stimulus delays and roll has already peaked for the 0 ms delay, trunk velocity 
is pitch-oriented for the 0 ms delay. For the 150 ms delay stimuli, the peaks of trunk 
roll and pitch velocity coincide at 235 ms (see vector plot figure 5, left). At this time 
trunk velocity for the 150 ms stimuli is oriented exactly along the perturbation 
direction. Conversely at 136 ms when roll normally peaks for the 0 m delay the 
vectors of trunk velocity are roll-oriented for the 0 ms delay and pitch-oriented for the 
150 ms delay (see vector plot figure 5, right). 
 
The same trend described above for the roll movements of the ankles and trunk was 
also found for roll accelerations of the head (upper part figure 6). As shown in figure 
6, there was no significant difference in the peak amplitudes of head roll acceleration 
for the different delay conditions (F(2,36)=0.9, P=0.412). The time to peak head roll 
acceleration was delayed for both delay conditions (F(2,36)=66.7, P<0.001) and, for 
all directions, peak times showed significant differences with respect to each delay 
condition (P<0.001). The mean time to peak head acceleration was 108 (±25.2 ms) 
for rightward perturbations for 0 delay, 161 (±30.1) ms for the 50 ms delay (a 
difference of 53 ms) and 250 (±31.7) ms for the 150 ms delay (a difference of 142 
ms with respect to the 0 ms peak times). 
 
In summary, pitch and roll motion demonstrated very little interaction at ankle joint, 
trunk and head as an increasingly delayed roll stimulus was imposed on the body 
relative to the pitch motion. It made very little difference which body segment was 
considered. At aforementioned three body segments, the pitch motion was 
essentially unchanged, with roll stimulus delay and the roll motion had the same 
amplitude characteristics. The 50 and 150 ms roll delays remained observable as 
delays in the roll characteristics of the body by an amount equal to the 50 ms or 150 
ms delay with respect to profile of ankle or trunk roll velocity or head roll acceleration 
observed with the 0 ms delay. 
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EMG Activity 
The delayed roll stimulus motion caused several effects on the EMG responses as 
illustrated in figure 7. This figure shows population EMG traces for a slightly 
backwards and right rotation (113°) of the support surface (the same direction used 
for figure 2). These EMG traces illustrate our general finding that the delay in trunk 
roll motion caused a corresponding delay in the onset of the most prominent 
balance-correcting muscle activity in trunk muscles (see interval marked Intm 150 in 
figure 7). A smaller, separate and earlier part of the balance correcting response in 
trunk muscles was not delayed (see interval marked Intm 0 in figure 7).  
Figure 6: Amplitudes and times of head roll angular acceleration for rightward support surface
perturbations. The column heights represent mean population values and the error bars the
standard error of the mean. See legend to figure 3 for an explanation of the symbols #, * and ∆. 
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In contrast, the delayed ankle and trunk roll motion caused practically no shifts in 
balance-correcting activity in lower leg muscles (figures 7, 8, and 9).  
Figure 7: Leg and trunk muscle responses to a right and slightly backwards rotation (113 deg) for
the different delay conditions. Upward pointing vertical arrows mark the onset of early stretch
reflex activity in leg and trunk muscles, downward pointing arrows delayed stretch reflex activity in
trunk muscles. The intervals Intm 0 represent the interval of balance correcting activity in trunk
muscles for the 0 delay stimulus, and Intm 150 the interval for the 150 ms delay stimulus. Other
details of the figure are given in the legend to figure 2. Note the large changes in trunk muscles
activity due to delay conditions and the weak effect on the lower leg muscles. 
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The stretch in leg muscles exhibited an EMG response pattern corresponding almost 
exclusively to pitch plane perturbations and the stretch in the trunk and hip muscles 
a response pattern corresponding almost exclusively to roll plane perturbations. The 
vertical arrows at ca. 45 ms on the soleus and peroneus longus traces in figure 7 
mark the approximate onset of stretch reflexes in these muscles. It can be observed 
in figure 7 that these reflex responses are not altered by delays in stimulus roll. In 
contrast, the unloading reflexes in gluteus medius and small stretch reflex in 
obliques externus (onset marked by vertical arrows at 30 ms in figure 7) were clearly 
delayed by the 150 ms delayed roll stimulus (compare upward and downward 
pointing vertical arrows on EMG traces of these muscles in figure 7). Shifts in early 
reflex activity with stimulus delay could be quantified by examining the areas of 
reflex responses as defined by fixed intervals appropriate for the 0 ms delay stimulus 
(see Methods). The results of this analysis are presented in figure 8. 
 
Figure 8 shows that the directional responsiveness of reflex responses in both 
soleus and peroneus longus, when averaged over the post-stimulus interval of 40–
80 ms, were not altered by delaying stimulus roll. There were no significant 
differences in reflex response amplitudes (soleus F(2,36)=0.7, P=0.48; and 
peroneus longus F (2, 36)=3.7, P=0.03, post hoc P>0.05) for this interval with delay. 
The slightly off pitch action of tibialis anterior (TA) reflex activity (essentially a 
medium latency response as the response interval is 80 – 120 ms) was changed 
with stimulus delay from a direction of maximum sensitivity of forward and slightly 
right (for left muscle) to forward and slightly left, concomitant with a change in 
amplitude (F (2,36)=4.8, P=0.013). Post hoc tests revealed that this change in 
amplitude (which is clearly observed in figure 8 for 68 and 113° perturbation 
directions) was significant (P<0.001) and indicative of an effect of delayed roll on the 
TA response. No significant differences were found for all other directions (P>0.05).  
 
When EMG activity was measured over a reflex response activity period (30–70 ms) 
in trunk and hip muscles, clear responses were seen for the 0 ms delay in all trunk 
and hip muscles. However, EMG activity was found to be practically abolished for 
the 50 ms delay stimulus and absent for the 150 ms delay. Left gluteus medius 
which is stretched by right perturbations as the pelvis rotates more right than the 
legs (Allum et al. 2003 and figure 8) showed practically no activity increase with 
respect to prestimulus activity for any stimulus with roll delays 100 ms after stimulus 
onset. Hence a significant decrease in reflex activity 30 – 70 ms after stimulus onset  
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occurred (F(2, 36)=6.6, P=0.003). Post-hoc comparisons for all directions revealed a 
significant decrease over the period 30–70 ms (P<0.001). Left paraspinals which are 
stretched by leftward perturbations as a result of trunk roll right and pelvis roll left 
showed some reflex activity prior to 100 ms for the 50 ms delay stimulus (figure 8) 
but this was considerably reduced with respect to 0 ms delay stimulus (F(2,36)=5.5, 
P=0.003). Post-hoc comparisons for all left perturbations showed significantly 
reduced P<0.01) activity in left paraspinals between 30 and 70 ms with each delay. 
Like paraspinals, left external abdominal oblique was stretched by a support-surface 
roll left. Activity over the 30–70 ms interval in external abdominal oblique was 
negligible for delayed roll stimuli (F(2, 36)=41.4, P<0.001). Post-hoc comparisons 
revealed significant decreases for the 113 and 203° (P<0.05) and 248, 293 and 338° 
(P<0.01) directions. 
Figure 8: Polar plots of amplitudes of the stretch reflex EMG activity in the lower leg muscles
and the trunk muscles. (Onsets of the reflex activity for several muscles are marked by vertical
arrows on the traces of figure 7 and the measurement intervals are described in the Methods
section). Other details of the figure and explanation of the symbols #, *, and ∆ are provided in
the legends to figure 3. Note the minor changes to the stretch reflex activity in the lower leg
muscles but major changes in the trunk muscles. Trunk stretch reflexes are practically absent
in the first 70 ms with 50 and 150 ms delay stimuli. 
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Lower leg balance-correcting responses mostly retained their timing and amplitude 
characteristics despite roll delays in leg and trunk movements. The upper part of 
figure 9 shows the amplitude of the area of the balance correcting responses 
measured over an interval based on the time of peak activity of the responses for all 
three delay conditions (Intm0; Intm50; Intm150 respectively). As these polar plots 
show, no significant differences were found in the amplitudes with delay in any 
direction for the peroneus longus or soleus muscles (soleus (F(2,36) = 0.04, P = 
0.959; peroneus longus (F(2,36)=1.5 P =0.234). Nonetheless, for tibialis anterior, a 
small overall effect emerged (F(2.36)=3.9; P=0.027). However, for the backwards 
directions (for which the balance corrections and the effects of the delays were 
largest) we found no significant effects in post-hoc analysis (P>0.05). The arrows on 
the polar plots in the upper part of figure 9 indicate the direction of maximum activity 
with respect to the support-surface perturbation.  
 
Figure 9: Polar plots of mean amplitudes (measured as integrated EMG (iEMG) over the
intervals Intm 0, Intm 50 and Intm 150) of the balance correcting EMG response in the lower leg
muscles. The direction of maxiumum response activity (calculated as the direction of the
centroid of each polar plot) is shown by an arrow on the polar plot. Note the lack of influence of
roll delay on the amplitude and directional responsiveness of balance correcting responses
when areas were calculated with respect to the time of each peak response (tmax) for all delay
conditions separately (Intm0, 50, and 150 – see upper set of plots) or if calculated based on the
response interval of the 0 ms delay condition (lower set of plots).  
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The changes in this direction inducing the maximum response were minimal with 
delay (2° in tibialis anterior, 6° in soleus and 2° in peroneus longus) between the 0 
and 150 ms delay stimuli. We also used the same integration interval used for the 0 
delay responses to determine the areas of balance-correcting responses falling 
within this area for the 50 and 150 ms delay stimuli (see Figure 9, lower row of polar 
plots). In other words, a subject specific fixed interval, that for the 0 ms stimulus, was 
employed across all delays. Over this interval (Intm 0 in our nomenclature) the 
responses of the lower leg were also unaltered in amplitude for soleus (F(2,36)=1.0, 
P=0.372), slightly altered in amplitude for peroneus longus (F(2,36)=15.9, P<0.001), 
for which the direction 293° showed a significant decrease (P<0.001), and also 
slightly decreased in amplitude for tibialis anterior (F(2,36=4.3, P=0.02) for the same 
direction (P<0.05). Note, however, that this direction elicited a very small response 
(figure 9). The directions of maximum responsiveness also remained basically 
unaltered when this integration interval was used. Thus, in general, no change in 
ankle muscles response amplitudes with delay was seen for perturbation directions 
causing considerable balance correcting activity. 
 
Although minor changes in the response onsets, time of the peak response, and the 
response interval of the balance-correcting responses in the lower leg were noted 
with a tendency for these times to increase with roll stimulus delay (figure 10), this 
trend was not significant. Exceptions to this general finding were the onset of soleus 
(F(2,54)=3.9, P=0.025) which was less for the 0 ms delay with respect to 150 ms 
(P<0.05), the time to peak of the response (tmax) of peroneus longus (F(2,54)=4.1, 
P=0.021) for which the time for the 50 ms delay was marginally less than for the 150 
ms delay (P<0.05) and the length of the balance correcting response interval for the 
tibialis anterior (F(2,54)=5.2, P=0.009) which was significant different between 0 ms 
and 150 ms delay (P<0.01). However, as reported above, these differences did not 
lead to any effects on the amplitudes of response areas of the balance correcting 
responses (figure 9). In contrast, the hip and the trunk muscles showed significantly 
large increases of the onset-time of the response in gluteus medius (F(2,54)=77.0, 
P<0.001), paraspinals (F(2,56)=74.0, P<0.001) and external abdominal oblique 
(F(2,54)=45.7, P < 0.001) as well as an increase of the time when the peak 
response occurred (gluteus medius (F(2,54)=131.2, P<0.001); paraspinals 
(F(2,54)=182.2, P<0.001) and external abdominal oblique (F(2,54)=38.0, P<0.001)).  
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However, the length of the interval of the main balance-correcting responses 
remained unaltered except for gluteus medius (F(2,54)=4.6, P=0.013, P<0.05) for 
which the interval for 150 ms delay was longer than that of 0 ms delay. The time of 
the peak response in the hip and trunk muscles increased progressively from 172 
ms to 206, and 321 in paraspinals and from 158 and to 210 and 267 in external 
abdominal oblique yielding average delay differences based on these peak times of 
~50 and ~120 ms. Similar delay differences were observed for the onsets of the 
main balance correcting response between 0, 50 ms and 150 ms stimulus delays 
(figure 10). 
 
The shift of the onset of the hip and trunk balance-correcting responses due to the 
delay in trunk roll motion was reflected in the amplitudes of the responses and had 
Figure 10: Onset, time of the peak response and the response interval of balance-correcting
responses in the lower leg and trunk muscles. The height of each of the columns represents
the average mean time. Error bars (S.E.M.) of the means are also shown. The general
tendency is that both delay conditions significantly delay the balance-correcting responses of
the trunk muscles but have a small effect on the lower leg muscles. The symbols #, * and ∆ are
explained in the legend to figure 3. 
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an effect on the directional sensitivity. Figure 11 illustrates the changes in amplitude 
and directional sensitivity of these muscles with stimulus direction and delay. The 
magnitude of the response reduction with delay depended on the way EMG area 
over the balance-correcting interval was measured. When the response EMG areas 
were calculated based on an interval around the time of peak response for each 
condition (Intm0, Intm50, and Intm150), the amplitude was reduced significantly 
across delay conditions (see upper row of plots in figure 11) in paraspinals 
(F(2,36)=6.1, P=0.005) specifically for the directions of 158° and 203° (P<0.05), and 
in external abdominal oblique (F(2,36)=21.2, P<0.001) for the direction of 293° 
(P<0.05).  
 
Figure 11: Polar plots of mean amplitudes of the balance-correcting responses of the trunk
muscles. Areas of balance-correcting responses are calculated with respect to the peak of the
balance correcting response for all delay conditions separately (Intm0, 50, and 150) shown in
the upper row of polar plots. The arrows indicate the direction of maximum activity as explained
in the legend to figure 9. In the middle row of polar plots response areas were calculated
according to the time and interval of the 0 ms delay response (Intm 0) for all delay conditions.
Note how the direction of maximum activity changes with delay for the gluteus medius and
paraspinals. In the lower set of columns the responses amplitudes in the polar plots for the 0
ms delay balance-correcting responses are compared (using the area circumscribed by the
plot) with the response amplitudes for 150 ms delay over its response interval (Intm 150)
added together with the portion of the response occurring over the interval Intm 0. For this
comparison no differences were observed. 
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The trend for a reduction in gluteus medius was not significant. Correspondingly, the 
direction of maximum response sensitivity changed little in gluteus medius (252° with 
no delay, 246° with 150 ms delay) but became more roll-oriented in paraspinals 
(changing from 136° to 108° – see figure 11). All of these muscles, however, showed 
even more significant amplitude reductions when areas were recalculated based 
only on the interval centred around the peak response for the 0 ms delay stimulus 
(Intm0). These changes are illustrated in the middle row of figure 11. Using this 
measurement interval, the balance-correcting responses in gluteus medius were 
reduced (F(2,36)=34.3, P<0.001) as is very apparent for all leftward directions 
(P<0.0001) in figure 11, as were those of paraspinals (F(2,36)=20.7, P<0.001) 
especially for more right roll directions of 68° and 113° (P<0.01). Figure 7 shows 
how the EMG activity in trunk muscles became split into a weaker early response 
and a stronger more prominent delayed response with the 150 ms stimulus delay. 
The direction of the maximum response activity of this first, weaker, response prior 
to main balance correcting with an onset over 200 ms, became very pitch-oriented 
(see middle row of plots in figure 11 for the integration interval is Intm 0). This 
direction was 189° in gluteus medius and 175° in paraspinals. Responses in the 
external abdominal oblique (F(2,36)=18.6, P<0.001) were also reduced when the 
Intm 0 interval was used across all delays. The post-hoc tests revealed that there 
was a significant difference in response amplitudes for this muscle for the 
perturbation directions of 248° and 293° (P<0.005).  
 
In order to compare the two separate balance-correcting responses obtained in trunk 
muscles for the 150 ms delay with the single response of the 0 ms delay we 
calculated the total area circumscribed in the polar plot of each hip and trunk muscle 
for each delay condition. The area of the smaller response obtained with the 150 ms 
delay and captured by the interval Intm 0 and the area of the large main response 
captured by the interval Intm150 were added together and compared with the area 
of the response captured entirely by Intm 0 for the 0 ms delay condition. The 
statistical comparison of these means for all trunk muscles is shown by the lower 
row of columns in figure 11. This comparison revealed no differences between the 
Intm0 of the 0 delay condition and the sum of the Inmt0 and the Intm150 of the 150 
ms delay condition (paired t-test (N=19), gluteus medius (t=-0.14, P=0.989), 
paraspinals (t=-.414, P=0.84) and the external abdominal oblique (t=-3.63, 
P=0.721)). 
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Discussion 
An original finding with multi-directions perturbations of stance was that when the 
body was tilted in the roll plane, the trunk roll was earlier than trunk pitch and the roll 
stimulus also induces some trunk pitch motion too. In contrast, when the body was 
tilted in the pitch plane there was no trunk roll motion, however considerable early 
knee motion when the support-surface was tilted toe-down (Carpenter et al., 1999, 
Allum et al., 2003). These findings led us to develop the hypothesis that pitch motion 
would be controlled by motion mainly about the ankle and knee joints and roll motion 
by motion about the lumbro-sacral joints with little interaction between the two (Allum 
et al., 2003). This study is an attempt to investigate this hypothesis concerning CNS 
reactions to multi-directional perturbations in man by applying the roll and pitch 
components of the support-surface time-lagged with respect to one another.  
 
Similar to our use of nulled ankle input perturbations during pitch plane perturbations 
(Bloem et al., 2000), our different types of roll delays with respect to the pitch 
perturbation were designed to differentiate between different triggering mechanisms 
for balance corrections, specifically those at the ankle joint and at more proximal 
joints, as well as the characteristics of CNS control of the body’s roll and pitch 
motion. With nulled ankle inputs we were able to suppress stretch reflexes in ankle 
muscles yet show that balance corrections were present in the very same muscles 
with minor reductions in amplitude (Bloem et al., 2000). Therefore, we concluded 
that ankle inputs could not be the crucial triggering source for these responses, but 
possibly knee and/or hip joint inputs could (Bloem et al., 2000). Our rationale with 
the use of  50 ms and 150 ms delays of the roll perturbation with respect to that of 
pitch was similar. If we could show that hip and trunk reflexes were delayed 
corresponding to the delay in roll yet leg muscle balance corrections were unaltered, 
this would strengthen our arguments with regard to independent pitch control of 
body motion triggered by knee inputs. In addition, if balance corrections in trunk 
muscles were delayed with the roll stimulus, regardless of the earlier presence of 
ankle and knee inputs with onset of the pitch stimulus, this evidence would support 
our arguments concerning a crucial triggering role for balance correcting responses 
using muscle and joint inputs from the hip and lumbro-sacral joints. The results of 
our current experiments support these hypotheses despite a number of caveats as 
we will discuss below. Our primary conclusion is that the CNS must employ spatio-
temporally separated roll and pitch balance correcting commands as depicted 
schematically in figure 12 because the response dynamics of legs and trunk are very 
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different in the roll and pitch planes as we have documented here and previously 
(Carpenter et al., 1999, Allum et al., 2003). 
 
Biomechanical separation of pitch and roll motion of the body 
The backbone to our argument about the need for separate roll and pitch commands 
is based on how the body moves when it is perturbed. Our previous work has 
demonstrated that when the support-surface tilts into roll, the legs act like two 
pistons to drive the pelvis in the same direction as the tilt and the trunk in the 
opposite direction (Allum et al., 2003). This motion occurs with very little early ankle 
and knee flexion. In contrast, pitch displacements cause very early rotation of the 
ankle and knee joints with the knees becoming locked when the support surface tips 
backwards thereby extending the knee joints (Allum et al., 2003). These two different 
types of planar motion result in differences in the timing in trunk roll and pitch 
motion. As figures 2 and 5 show, the trunk roll velocity peaks around 140 ms 
normally (0 ms delay) and pitch motion around 100 ms later. This roll motion 
changes with age becoming significantly less around the age of 45 and then starting 
to move in the same direction as the perturbation around the age of 65 years (Allum 
et al. 2002). In pathologically stiff persons the trunk even moves faster in the same 
direction as the tilt perturbation (Bloem et al., 2002). These changes in trunk roll 
characteristics with ageing are not accompanied by changes in pitch control motion 
of the trunk. Together with the timing differences in trunk pitch and roll motion in the 
young, all this evidence indicates that the biomechanical characteristics of trunk roll 
and pitch motion are essentially decoupled. To cope adequately with changes in this 
decoupled motion with ageing, separate pitch and roll commands would seem 
essential. 
 
Our current results confirm the decoupling of trunk roll and pitch motion. By delaying 
the roll motion of the support-surface with respect to pitch we were able to shift the 
time point of trunk roll motion (and that of the head) by an amount equal to the roll 
delay. Similar changes in pitch motion of the trunk were not observed. Some 
changes in trunk pitch were inevitable (see figures 2 and 5) because a roll 
perturbation induces some trunk pitch particularly for backwards roll (Carpenter et 
al., 1999). The changes that did occur were small and different for different 
perturbation directions and not as profound as the changes in roll motion with 
successive delays in the roll stimulus. The overall effect was that at ca. 140 ms, 
when normally motion of the trunk is solely roll-oriented, this motion became only 
pitch-oriented when the roll stimulus was delayed 150 ms. Whereas at ca. 240 ms 
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when trunk motion is normally pitch-oriented, motion became opposite the direction 
of perturbation for the 150 ms delay stimulus. This decoupling or lack of interaction 
between roll and pitch motion was apparent in the head (figure 6).  
 
Triggering of balance corrections 
Before discussing the characteristics of CNS pitch and roll synergies, it is instructive 
to consider how the current experiments shed light on the triggering signals for these 
synergies and how previous information can be integrated into the schematic 
framework of triggering in figure 12. Our previous research has established that 
ankle inputs and pressure sensors at the feet have a relatively minor role in 
triggering balance corrections (Bloem et al., 2000). When deprived of these inputs 
either as a result of disease (polyneuropathy) or experimentally, the only delays 
seen to balance corrections were short (20 ms) and only in tibialis anterior not in 
triceps surae muscles.  
 
Figure 12: Schema to illustrate how balance corrections are differently triggered and
modulated depending on the direction of a fall. The width of the arrows in the figure indicates
the strength of the trigger input and synergy output at each segment for roll and pitch
directions. 
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These findings indicated that knee and hip flexor muscle receptors and joint 
afferents might provide proprioceptive trigger signals for pitch directed balance 
corrections (Allum and Honegger, 1998). Indeed a study (Bloem et al., 2002) on a 
total leg proprioceptive loss patient, with absent proprioception at the level of the 
ankle and knee joint (but questionable loss at the hip), provided convincing evidence 
for a triggering mechanism residing at the knee and hip joints. Balance corrections in 
leg muscles were markedly delayed in this patient. The current study supports this 
concept because when early reflexes were eliminated in hip and trunk muscles with 
delayed trunk roll, leg muscle balance corrections were unaltered. Previously it was 
proposed that roll sensitive stretch reflexes in lateral acting hip and trunk muscles 
could provide, albeit weak, pitch information sufficient to trigger balance corrections 
in the pitch plane (Carpenter et al., 1999; Allum et al., 2003). The current study 
indicates that these lateral hip and trunk muscles do not provide this information. In 
summary, as depicted by the strength of the arrows in figure 12 the weight of current 
evidence supports a major role for knee and hip flexor and extensor muscles in 
triggering pitch based balance corrections and only a minor role for ankle 
proprioceptive inputs. Vestibular inputs must be integrated into this concept. When 
the head falls vertically down responses in soleus are triggered earlier (Carpenter et 
al., 2001) and stretch reflex responses in quadriceps around 60 ms are enhanced 
(Allum and Honegger, 1998). In the latter studies downward vertical head 
acceleration was induced by toe-down rotation or backwards translation of the 
support, respectively. The role of otholith inputs sensitive to such accelerations in 
exciting leg muscle activity to help cushion the effect of a vertical fall has been 
known for some time (Greenwood and Hopkins, 1976; Jones and Watt, 1971). 
 
Once triggered, the CNS releases an output synergy suitable for correcting the pitch 
plane instability of the body. While not the subject of the current study, it is well 
known that this synergy is initially modulated in amplitude by proprioceptive and 
vestibular information, and later by visual information too (Runge et al., 1998; Horak 
et al., 1994; Allum et al., 1994; Allum and Honegger, 1998; Carpenter et al., 2001). 
As depicted in figure 12, the current study has shown that most of this synergy is 
directed at activating leg muscles rather than hip and trunk muscles. If trunk roll was 
delayed, then the remaining hip and trunk muscle activity apparently correcting for 
the pitch displacement was small.  
 
With early onsets (at 30 ms) and a directional sensitivity particularly to backward roll, 
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stretch and unloading reflexes in gluteus and paraspinals have been cited as the 
primary trigger signal for roll directed balance corrections (Carpenter et al., 1999, 
Bloem et al., 2002, Allum et al., 2003). The current study adds external abdominal 
obliques to this list of muscles with roll sensitive stretch reflexes. More importantly 
the current study has documented that despite the presence of early stretch reflexes 
in leg muscles at 50 ms, the triggering of the main balance correction to roll occurred 
only at times consistent with the occurrence of stretch reflexes in hip and trunk 
muscles. Our evidence indicates roll directed balance corrections were not triggered 
by leg muscle stretch reflexes. When roll perturbations were applied to vestibular 
loss subjects and the responses compared to those of normal control, no evidence 
was found for responses triggered by head angular roll or lateral linear accelerations 
(Allum et al., 2003). 
 
 
Separation of pitch and roll balance correcting synergies 
From the evidence of this study, the roll balance-correcting synergy released by the 
CNS appears to be directed solely towards hip and trunk muscles. As depicted in 
figures 7 and 12, we found no indication of a major contribution of leg muscle activity 
to these corrections. In fact as the roll perturbation was more and more delayed, no 
alterations to leg-muscle balance-correcting activity appeared and especially not in 
directions of maximum responsivity of the leg muscles. The major finding of this 
study was the appearance of two responses in hip and trunk muscles as the roll 
stimulus became more delayed. The major response was delayed in onset and time 
to peak consistent with the stimulus delay. Furthermore, the directional sensitivity of 
this response became more roll-oriented. The second small, earlier, part of the hip 
and trunk muscle balance corrections appeared at a time and had a directional 
sensitivity consistent with correcting for the pitch displacement of the body. 
Interestingly, the sum of these two components of hip and trunk responses clearly 
seen with the 150 ms delayed stimulus was equal to the response seen in the same 
muscles when the roll stimulus was not delayed. Viewed in this light, it appears that 
the CNS calculates the appropriate amplitude to correct for the pitch and roll 
displacement of the body, sums these two components and releases them at the 
same time across many body links. For this reason balance corrections across many 
body segments from the ankle to the arm lie in the range of onsets of 90 to 120 ms. 
 
If separate roll and pitch commands are calculated and released simultaneously as 
suggested above, this would explain a number of our previous findings and pose 
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some interesting physiological and clinical questions that need further explanation. 
One of our earlier reports (Carpenter et al., 1999) showed that trunk roll normally 
peaks in velocity at 140 ms, some 100 ms earlier than trunk pitch. Why is the trunk 
roll correction not issued first in this case? Presumably there are a number of 
reasons for this. It is probably more effective to issue the pitch and roll commands 
more simultaneously. Waiting for more information on the roll profile would increase 
the efficiency of the response. Furthermore issuing the pitch command to the legs at 
the same time would ensure that the legs were stiffened up as a support for the 
trunk commands. Once stance is perturbed, the trunk roll velocity profile, but not that 
of the trunk pitch velocity, will change with ageing (Allum et al., 2002). This provides 
another reason to wait for trunk roll information before issuing the pitch command to 
the leg muscles.  
 
What clinical consequences might arise from separate pitch and roll balance-
correcting commands as depicted in figure 12? Presumably any disease that affects 
the generation of the timing and metrics of the separate pitch and roll commands will 
lend to a discoordination in balance corrections. An example would be the lateral 
sway in patients with cerebellar hemisphere lesionor the anterior-posterior sway in 
patients with spino-cerebellar degeneration  (Umemura et al., 1989). 
 
The delay of the stretch and unloading responses in trunk muscles induced a 
reduction in amplitude of balance-correcting responses in the same muscles. Some 
authors suggested that processing of a preceding stimulus might lead to different 
strategies in the control of postural adjustments (Fung and Barbeau, 1994; Kolb et 
al., 2002). One might argue that delayed responses could have been conditioned by 
afferents responding to the preceding pitch disturbance. From previous studies it is 
known that conditioned stimulation of certain types of afferents can modulate the 
amplitude of stretch reflexes, e.g. conditioning the H reflex by cutaneous stimulation 
(Fung and Barbeau, 1994). Therefore, a possible explanation for the modulation of 
the balance correcting responses of the trunk across the delay conditions that we 
observed might be a conditioning effect. One could also argue that subjects 
anticipated oncoming delayed trunk movement and somehow they were able to plan 
the delayed trunk muscle responses and anticipatory reactions would be seen. 
However, we think this is unlikely for the following reasons. First, subjects had no 
pre-knowledge whether within the sequence of perturbations there were differences 
in roll delay. Second, all three delay conditions were randomised over the whole 
Chapter 3 
 68 
experiment. Third, after the experiment none of the subjects has reported that they 
were conscious of the two delay stimuli. Only three subjects mentioned differences 
of the stimuli, however they could not exactly determine what exactly the difference 
was. Furthermore, if the first smaller balance correcting response with the 150 ms 
delay stimulus was an anticipatory response for the subsequent roll stimulus its 
directional sensitivity should be roll and not pitch-oriented as we observed. 
 
The results of the current study support the hypothesis that corrections of pitch and 
roll motion are programmed separately by the CNS and also provide insights into 
possible triggering mechanisms. The fact that stretch reflexes were absent with 
delayed roll in hip and trunk muscles but leg balance-correcting responses are 
unaltered suggests that balance-corrections in the pitch plane are triggered by knee 
and not by upper body proprioceptive input. The evidence that leg muscle balance-
correcting activity is unaltered by delayed trunk roll indicates that roll motion is not 
corrected by leg muscle activity. On the other hand, the delayed balance-correcting 
activity in trunk muscles despite clear early onset stretch reflexes in leg muscles 
suggests that this balance-correcting activity in trunk muscles is triggered by trunk 
and not by leg muscle stretch reflex activity. Hip and trunk muscle activity appears to 
have a dual action in balance corrections. The main action is to correct for roll 
perturbations and the lesser action is to correct for pitch perturbations. 
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Mechanically induced ankle inversion during 
human walking and jumping3 
                                                 
3 Adapted from: Nieuwenhuijzen, PH, Grüneberg C, Duysens J (2002). Mechanically induced ankle inversion 
during human walking and jumping. Journal of Neuroscience Methods 117, 133-140. 
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Introduction 
Ankle inversion injuries are a common trauma. Particularly sports involving running 
and jumping are known for the high incidence of inversion traumata (Balduini and 
Bahr, 1987). It is estimated that, each day, one inversion injury of the ankle occurs 
for every 10000 people (Lynch and Renström, 1999). Furthermore, ankle sprains 
constitute 7–10% of all admissions to hospital emergency departments (Lynch and 
Renström, 1999). The injury results in various degrees of mechanical damage and 
can cause instability (Kannus et al., 1991). Furthermore, up to 60% of the ankle 
sprains are recurrent sprains (Balduini et al., 1987). 
A number of studies has investigated sudden inversion in standing conditions using 
a trap door (see for example Ebig et al., 1997; Johnson and Johnson, 1993; 
Konradsen et al., 1991; Lynch et al., 1996; Podzielny et al., 1997). However, in 
every day life injuries rarely occur with a person standing at rest. Little is known 
about muscle responses after inversions under more natural conditions such as 
walking and jumping. One study of Konradsen et al. (1997) mentions some 
experiments of inversion after stepping on a trap door, but no full description of the 
method is provided. Nobody has made an attempt to develop a method evoking 
inversions using a treadmill. The use of a treadmill has the advantage of controlling 
the timing of the perturbation. As far as jumping is concerned, to our knowledge, 
there are no previous studies.  
The results of the inversion studies during standing cannot a priori be extrapolated to 
more dynamic conditions, since various reflexes are known to be task-dependent 
(for review see Zehr and Stein, 1999). For instance, Capaday and Stein (1986) 
described smaller H-reflexes during walking than during standing. Even smaller 
responses were found during running (Capaday and Stein, 1987). In addition, 
cutaneous reflexes elicited during running were larger than when these responses 
were elicited during walking (Duysens et al., 1993).  
A second argument for studying inversion perturbations during walking and jumping 
rather than in standing is given by Stormont et al., 1985). These authors found in an 
in vitro study that when the ankle was physiologically loaded, as occurs during 
standing at rest, inversion and eversion stability is high and solely accounted for by 
the articular surface. Other in vitro studies also demonstrated that loading increases 
the stability of the ankle (McCullough and Sammarco, 1977). Although in vitro 
studies can not determine the role of the muscles in stabilising and protecting the 
ankle joint, these studies do suggest as Stormont et al., 1885) mentioned that ankle 
instability occurs during loading and unloading, as occurs during walking or jumping, 
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but not once the ankle is fully loaded. Similarly, in vivo an increase of the stability 
was found during loading of the ankle (Scheuffelen et al., 1993). Studying ankle 
inversions during the loading acceptance of the stance phase of walking or during 
the landing phase of jumping might, therefore, give new insights in the control of 
ankle stability.  
According to Lynch et al. (1996), increased speed of inversion causes shorter 
response latencies in the peroneus longus (PL). To study muscle responses after 
inversion, the speed of inversion must, therefore, be constant during the experiment. 
Furthermore, the speed must be high enough to evoke muscle responses at all.  
Therefore, the method described in the present study investigates rapid ankle 
inversion, elicited during the loading part of walking and jumping. It will be shown 
that with this method it is possible to evoke reproducible sudden ankle inversions 
eliciting characteristic lower leg responses under controlled laboratory settings.  
 
 
Methods 
Ankle inversions were recorded during the walking task in 12 healthy subjects (six 
males and six females; age range: 22–28 years) and during the jumping task in 11 
healthy subjects (five males and six females; age range: 22–28 years). The 
experiments were performed after informed consent had been obtained and in 
conformity with the declaration of Helsinki for experiments on humans. None of the 
subjects had a known ankle instability or weakness, or a neurological or motor 
disorder.  
A trap door box produced the mechanical induced ankle inversions. This box, 
consisting of PVC plastic and metal, had a length, width, and height of 35, 20, and 
10 cm, respectively (figure 1). A spiral spring kept the trap door on top of the box in 
neutral position (i.e. 0° tilting). Except for the resistance of the spiral spring, the trap 
door was controlled by gravity. To overcome the initial resistance of the spring only 
200 g was needed for the first visible rotation (of 0.1°) of the trap door and 2300 g 
was needed for a rotation of 25°. Therefore, the delay between first contact of the 
foot on the trap door and the start of the inversion is negligible. The trap door could 
tilt up to 30°. However, pilot studies showed reproducible and clearly detectable 
responses using only 25°. To minimise the risk of injury, the present study, therefore, 
used this 25° for the stimulus trials. For the control trials a tilting of 0° was used. This 
restriction of rotation could mechanically be established through inserting a wedge in 
a slit. A build-in potentiometer was used to measure the amount of rotation of the  
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trap door (KMA 10/70, Philips Semiconductors and AV Electronics). To prevent the 
subjects from seeing whether the next trial was going to be a stimulation trial or a 
control trial, the box was covered with a black cover to hide the wedge in the slit 
from the view of the subject.  
 
Bipolar surface electrodes, with an inter electrode distance of 30 mm, measured 
electromyographic activity (EMG) of the tibialis anterior (TA), the PL, the peroneus 
brevis (PB), the soleus (SO), the gastrocnemius lateralis (GL) and the 
gastrocnemicus medialis (GM) muscles of the left leg (the leg that stepped on the 
trap door). The placement of the EMG electrodes for the TA, SO, GM, GL and PL 
was standardised according to Basmajian (1989). For the PB, electrode placement 
was used according to Lynch et al., 1996). Skin impedance was reduced to less than 
5 k  by cleaning the electrode sites with alcohol and rubbing with sandpaper. Cross-
talk was examined by online monitoring using muscle specific tests. After the 
experiment, cross-talk between the measured muscles was tested using a 
Spearman's correlation test. No statistically significant correlation was observed 
(P>0.05).  
Thin insole footswitches (designed in collaboration with Algra Fotometaal b.v., 
Wormerveer, The Netherlands) were used to detect foot contact during the walking 
task and to deliver a trigger signal for the release of the trap door box on the 
Figure 1: Front view of the trap door box, which had a length, width, and height of 35, 20, and
10 cm, respectively. A wedge (grey) was used to restrict the amount of rotation. The dotted lines
represent the neutral position of the trap door. The crosshatched circle represents the axis of
rotation. 
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treadmill. The EMG and footswitch data were sampled at 500 Hz. The EMG signals 
were (pre-) amplified (by a factor in the order of 104–105), high-pass filtered (cut-off 
frequency at 3 Hz), full wave rectified, and then low-pass filtered (cut-off frequency 
at 300 Hz). During the experiment the signals were visually inspected by on-line 
monitoring on an oscilloscope and on a computer display.  
 
 
Experimental protocol 
Inversion during gait (see figure 2). The subjects were asked to walk on a treadmill 
(Woodway type ERGO EL2; walking surface: length×width=2.0×0.7 m) at a speed of 
4 km/h wearing a safety harness which was fastened to an emergency brake at the 
ceiling. An additional emergency brake was attached to the handrail of the treadmill 
so that the subject could stop the treadmill at any moment. Before the actual 
experiment started, the subjects were trained to walk on the treadmill at a 
comfortable, constant pace. During the experiment, an electromagnet held the box 
by a metal circular plate (of 7 cm diameter) sunk into the middle of the trap door. The 
hanging box was positioned approximately 1 m in front of the location of the left heel 
strike. The bottom of the box was 11 mm above the treadmill surface. At a pre-
programmed delay (dependent on the step cycle time) after heel strike of the left 
foot, the computer triggered the electromagnet to release the box on the treadmill. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Schematic representation of the experimental set-up of the walking task. The trap door 
box is held above the treadmill by an electromagnet. At a pre-programmed moment during the 
step cycle the magnet released the trap door on the treadmill. When the subject steps on the box 
during a stimulus trial, the trap door rotates, eliciting an inversion movement of the left ankle. 
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To program the delay, the step cycle time was, prior to the experiment, calculated 
over 20 strides. A trigger signal was given to the computer by the insole footswitch of 
the left foot. At the time of the next heel strike, the box should be at the location of 
foot placement. Therefore, the magnet should release the box a specific time earlier 
to cover the distance (kept constant at 1 m) from the electromagnet to the location of 
heel strike. This time was calculated by dividing the distance by the velocity of the 
treadmill (4 km/h=1.11 m/s). Furthermore, pilot studies showed that the magnet had 
a small delay, after triggering of the computer, before dropping the box (mean 169 
ms; S.E.=1.0 ms; n=60). Consequently, this magnet release time was also included 
into the formula for the pre-programmed delay: Delay=step cycle time-
distance/velocity-magnet release time.  
The subjects wore headphones through which loud music was played, to prevent 
them from hearing the box fall on the treadmill and from getting any cues about the 
type of trial condition. To ensure that the subject could step on the trap door without 
changing the cadence of the step cycle, it was important that the subject kept the 
same (anterior–posterior) position on the treadmill during the experiment. 
Furthermore, the actual position of the subject was such that left heel strike on the 
box was always 1 m in front of the electromagnet. In this way reaction time between 
subjects and trials was kept as constant as possible in order to minimise differences 
in the amount of anticipation. To help subjects remain this position, visual feedback 
was given using a series of light emitted diodes that was connected to a position- 
measuring device based on sonar. This sonar was aimed at the thorax and every 
next diode stood for 10 cm of displacement. Subjects could walk relatively 
comfortably within the boundaries of one diode (i.e. 10 cm). To control medial–lateral 
placement on the trap door and consequently equal vertical drop for all subjects and 
trials, the subjects were instructed to step on the circular metal plate of the trap door. 
The centre of this metal plate was located at 7 cm from the fulcrum, causing a 
maximum vertical drop of 3.0 cm.  
The experiment consisted of 20 stimulus trials and 20 control trials. These 40 trials 
were presented randomly. The signals were stored on hard disk in a period starting 
from the moment of the release of the box and lasting for 4000 ms.  
 
Inversion during the landing phase of jumping (see figure 3). Subjects had to jump 
from a platform 30 cm above the landing surface. This landing surface consisted of 
the trap door for the left foot and a solid box with equal dimensions and equal 
material for the right foot. The two boxes were positioned 5 cm in front of the 
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platform. A pressure sensitive strip was attached on the surface of the trap door to 
detect foot contact. The subject initiated the drop by positioning the left leg slightly 
forward and jumping from the platform by pushing off with an almost straight right 
leg. In this way the jumping task was standardised and jumping upwards or 
decreasing the speed of landing by lowering on the platform, was restricted. The 
subjects were instructed to land with both feet simultaneously on the circular plates 
located in the middle of each of the two boxes. Before data collection, each subject 
practised the technique without rotation of the trap door. The subjects wore 
headphones with loud music and the wedges were replaced outside the field of 
vision of the subject to prevent any pre-knowledge of the type of trial. Both stimulus 
and control conditions were applied 20 times in a random order. Measurements 
started 1000 ms prior before the landing and lasted 2000 ms.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data analysis 
Zero time was defined as the moment the foot touched the box. The average control 
EMG (stepping on the box without rotation of the trap door) was subtracted from the 
individual stimulus EMG (stepping on the box with rotation of the trap door). This 
Figure 3: Schematic representation of the experimental set-up of the jumping task. Subjects were
jumping from the platform with their left foot positioned slightly forward and pushing off with an
almost straight right leg, to restrict jumping upwards or decreasing the speed of landing by
lowering the left leg in the direction of the platform. The landing on two equally shaped boxes was
performed on both feet simultaneously. During stimulus trials the trap door of the left box rotated,
eliciting an inversion in the left ankle. 
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subtraction method enables one to look at the net effect of the stimulus (Duysens et 
al., 1990; Van Wezel et al., 1997; Yang and Stein 1990; Zehr et al., 1997). For each 
response peak, a time window was set by visual judgement on the average EMG 
data of all trials for all muscles of each subject. To examine intra subject variations 
of the EMG responses, time windows were also set on the individual subtracted 
trials of the PL for each subject. Latency and duration was defined as the onset and 
duration of the time window after the start of rotation of the trap door. To determine 
whether the responses observed were statistically significant, the Wilcoxon signed-
rank test was used. Responses that were not significant were excluded. Correlation 
between the weight of the subject and angular velocity of the trap door was tested by 
the Spearman's correlation test.  
Possible difference in step cycle duration between normal walking control trials and 
stimulus trials was tested by the Wilcoxon signed-rank test. In all statistical tests a 
significance level of P<0.05 was used.  
 
 
Results 
Stepping on a box versus normal walking 
To verify whether the subjects stepped on the box in a natural continuation of the 
step cycle, the timing of heel strike during normal walking, control trials (i.e. stepping 
on the box without rotation of the trap door), and stimulus trials (i.e. stepping on the 
box with rotation of the trapdoor) was compared. Although significant (Wilcoxon 
signed-rank test: P<0.05) only a small average decrease of 1.8% (i.e. a decrease of 
ca. 20 ms) of the step cycle time was found in the control trials as compared with 
normal walking (based on n=20×12=240 trials). The stimulus trials (n=240) showed 
an even smaller decrease of 0.9% compared with normal walking.  
 
 
Incidence of successful trials 
Both during the walking task and the jumping task, successful inversions could be 
elicited in all subjects and in the majority of the trials. During the walking task, at 
least 13 out of 20 stimulus trials were performed correctly by the subjects (see table 
1). The average percentage of successful trials was 85% (S.E.: 4.0%; n=12). A trial 
was considered successful when the foot was placed correctly in the middle of the 
trap door and no extra short step was made prior to the step on the trap door.  
During the jumping task an even higher rate of successful stimulus trials was 
achieved. At least 17 out of 20 stimulus trials were performed correctly (see table 1). 
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The average percentage of successful trials was 95% (S.E.: 1.5%; n=11). A trial was 
considered successful when the subject landed correctly on the middle of the trap 
door.  
 
 
Angular velocity of the trapdoor during inversion 
When ankle inversions were elicited during walking, the average duration of the 25° 
rotation of the trap door was 62 ms with a S.E. for 12 subjects of 1.7 ms. Converted 
to average angular velocity this means 403°/s (S.E.: 18°/s; n=12). Over all subjects 
the average duration varied between 51 and 70 ms with a maximum S.E. of 3.6 ms 
(see table 1). The duration of the rotation did not correlate with the weight of the 
subject (Spearman's rank correlation: r=0.15, P=0.64). An example of the successful 
inversions of a single subject can be seen in figure 4.  
 
During the jumping task, 25° of rotation was completed in 42 ms with a S.E. for 11 
subjects of 1.2 ms. This duration corresponds with an angular velocity of 595°/s 
(S.E.: 27°/s; n=11). Over all subjects, the mean duration varied between 37 and 48 
ms with a maximum S.E. of 1.7 ms (see table 1). In contrast to the walking task, 
during the jumping task duration of the rotation did correlate with the weight of the 
subject (Spearman's rank correlation: r=-0.644, P=0.32).  
 
Tabel 1:Duration of the trap door rotation with S.E. and number of successful trials of all subjects 
during walking and jumping. 
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Responses 
In both tasks, reflex responses could be elicited in all subjects and all muscles. An 
example of EMG activity after an inversion during gait is illustrated in figure 5. During 
gait, in all muscles, a small response (M1) could be observed ~40 ms after the start 
of the inversion and this response had a duration of ~25 ms. A second response 
(M2) was seen after ~100 ms with a duration of ~35 ms. During the jumping task 
also an early response was found, in all muscles, ~35 ms after the onset of rotation. 
This response had a duration of ~20 ms. A second response was found with a 
latency of ~90 ms and a duration of ~30 ms.  
 
For a more detailed description of the reproducibility of the latency and the duration 
of the EMG responses, the PL was examined in more detail for both tasks by setting 
windows on individual trials. To indicate the variation within subjects (intra subject), 
the S.E. that was found for the response latency and duration of each of the subjects  
Figure 4: Typical inversion signals of a single subject of
15 successful trials during walking. The average duration
of these signals is 70 ms with a S.E. of 1.5 ms. Zero time
is the moment the foot touches the trap door. 
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was averaged and expressed in the mean individual S.E. Variation between subjects 
was evaluated by the S.E. of the mean values of the two groups (n=12 for the 
walking task and n=11 for the jumping task). During walking, the M1 response 
showed a mean latency of 42±1.0 ms (S.E.) (mean individual S.E.: 2.8 ms) with a 
mean duration of 21±0.7 ms (mean individual S.E.: 1.9 ms). The M2 response during 
walking showed a mean latency of 93±1.0 ms (mean individual S.E.: 1.7 ms) with a 
mean duration of 35±1.0 ms (mean individual S.E.: 1.9 ms). A significant M1 could 
be observed in 52% of all trials. The M2 showed a much higher incidence of 
significant responses (96% of all trials).  
During the jumping task, a mean M1 latency was found of 41±1.1 ms (mean 
individual S.E.: 1.7 ms) with a mean duration of 18±0.8 ms (mean individual S.E.: 
2.8 ms). The M2 response showed during this task a mean latency of 87±0.6 ms 
(mean individual S.E.: 2.3 ms) and a mean duration of 27±1.0 (mean individual S.E.: 
2.0 ms). The M1 response could be observed in only 17% and the M2 in 61% of all 
successful trials of all subjects.  
 
Figure 5: Typical subtracted and normalised EMG
responses of a single subject of 15 successful trials of the
PL measured during the walking task. Zero time is the
moment the foot touches the trap door. Two responses
were found (M1 and M2). 
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Discussion 
Ankle sprain is considered to be the most common sports injury among athletes from 
different disciplines. The possible role of neural mechanisms behind the ankle 
sprains remains unresolved. We have designed the current method to be able to 
evaluate the contribution of the lower leg muscle reflexes in protecting the ankle joint 
during sudden inversion motion under natural conditions.  
In this study it was shown that with this method it is possible to successfully 
reproduce ankle inversions during walking on a treadmill and during the landing 
phase of jumping. The singularity of the used method makes it difficult to compare 
the rate of successful trials with other studies. However, the present rate of 75 and 
95% successful perturbation trials during the walking and jumping task is 
comparable with mechanical perturbations of the lower leg during human walking in 
previous studies. For example, in the study of Schillings et al. (1996), who studied 
stumbling reactions during human walking, 61% of all perturbations was successful.  
In previous studies the ankle inversions were elicited almost exclusively in a 
standing position. However, inversion injuries occur most frequently during 
locomotion and jumping. Furthermore, inversion injuries seem to occur in real life 
mainly during loading of the ankle (Stormont et al., 1985). In the current set-up, the 
trap door starts to tilt the moment the foot touches the box. Therefore, the trap door 
tilts when the ankle starts to be loaded. Compared with other studies the current 
approach is the only method that enables investigating sudden ankle inversions 
during this hazardous part of the step cycle during gait and during the landing phase 
after jumping.  
To mimic the natural situation of inversions occurring during walking and to ensure 
stimulus constancy, the step cycle was evaluated during normal walking and 
stepping on the box in both control and stimulus trails. The step cycle time was 
hardly different during the control and stimulus trials as compared with normal gait, 
indicating the subjects could step on the box without changing their walking 
cadence. Only a small difference (10–20 ms) was found between the different 
conditions, which can be explained by the height of the box causing a slightly earlier 
heel strike.  
As was stated in section 1 the speed of inversion must be high enough to elicit 
responses. Lynch et al. (1996) already found responses after inversions of 50°/s. 
The inversion speed used in the present study was 403°/s during walking and 595°/s 
in the jumping task. The difference in velocity between both tasks can be explained 
by the higher impact on the trap door in the jumping task compared with the walking 
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task. Furthermore, the velocity of the trap door depended on the weight of the 
subject during the jumping task. This was expected since the primary force during 
this task is gravity. However, a perfect correlation had to be found if gravity was the 
only factor determining the velocity of the trap door. This perfect correlation was not 
found, because subjects had to land on both feet simultaneously, thereby allowing 
them to put a different load on each leg. Preference for the left or right leg, or being 
somewhat anxious for the inversion could account for a weight transfer. In contrast 
to the jumping task, during the walking task no significant correlation was found 
between the weight of the subject and the velocity of the trap door. During this task, 
rather than gravity, the speed of loading of the foot determines the velocity of the 
trap door. However, as can be seen in Table 1 these differences between subjects 
influenced the velocity in both tasks only slightly and compared with the study of 
Isakov et al. (1986) similar range in duration of the inversion was found during the 
walking task (51–70 ms) and an even smaller range was found during the jumping 
task (37–48 ms). This small variation in inversion duration underlines the 
reproducibility of the stimulus. The S.E. of the duration of rotation never exceeded 
the 3.7 ms, indicating a small intra subject variation.  
Although the trap door delivered a constant external stimulus, anatomical variance of 
the subtalar joint axis can provide inter subject variation in the movements of the 
joints involved in inversion. Consequently, no assertions can be made about 
movements in the separate joints in the ankle. To improve on this, it would be 
interesting to study the inversions with a goniometer (see for instance Ebig et al., 
1997; Konradsen et al., 1997; Podzielny et al., 1997; Scheuffelen et al., 1993).    
The responses in the PL showed little variation in latency and duration, both within 
and between subjects. While most of the inversion studies on standing subjects 
gave data on variations between subjects, Isakov et al. (1986) also mentioned the 
variability within subjects. They reported one response with an average S.E. of the 
latency of 1.1 ms. The responses found in the present study showed slightly larger 
variations in latency within subjects. The average S.E. of the latency in the present 
study was 1.7 ms (for the M2 during walking) and 2.7 ms (for the M1 during 
jumping). These slightly larger S.E. in the present study as compared with the one 
by Isakov et al. (1986) are probably caused by the higher background activity that 
exist during these tasks and which is negligible during standing. Between subjects, 
the variation in the present study was small (the latency of both responses in both 
tasks showed a S.E. of ~1 ms) and was comparable to the studies during standing 
(Isakov et al., 1986; Karlsson et al., 1992a; Karlsson et al., 1992b) or even smaller 
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(Ebig et al., 1997; Johnson et al., 1993; Konradsen et al., 1998; Lynch et al., 1996). 
The lower occurrence of significant responses during the jumping task compared 
with the walking task was probably caused by the higher amount of background 
activity in this task, thereby masking the responses (especially the small M1).  
This study shows that with the current method, reproducible natural perturbations 
can be presented, eliciting two EMG responses, an early small and inconsistent 
response and a mid latency larger and more consistent one. Future studies will 
further examine the role of the lower leg muscles in stabilising and protecting the 
ankle joint during sudden inversion in gait and the jumping task.  
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Reflex responses in the lower leg following landing 
impact on an inverting and non-inverting platform4 
                                                 
4Adapted from: Grüneberg C, Nieuwenhuijzen PHJA, Duysens J (2003). Reflex responses in the lower leg 
following landing impacts on an inverting and non-inverting platform. Journal of Physiology. 550 (3):985-993. 
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Introduction 
The role of short (SLR), medium (MLR), and long latency (LLR) reflexes in landing 
after a jump is poorly understood. Of special clinical interest is the condition of 
landing on inverting surfaces, since landing on a surface that induces ankle 
inversion (like e.g. landing after a jump on the shoe of a team-player) could lead to 
ankle injuries (Bahr et al., 1994). These injuries are one of the most common injuries 
in sports (Balduini et al., 1987) and could occur because of an uncontrolled or 
enforced inversion of the ankle. Furthermore, landing on an inverting surface is of 
neurophysiological interest because the role of the lower leg reflex responses, like 
the short- (SLR) medium- (MLR) and long latency responses (LLR) during ankle 
inversion movements and a possible contribution for prevention of these injuries is 
not clear. Most studies on these responses after ankle inversions have concentrated 
on subjects standing on a platform, which was suddenly tilted in the roll plane to 
induce inversion of the ankle joint (Konradsen and Ravn, 1990; Konradsen et al., 
1997; Karlsson et al., 1992; Isakov et al., 1986). In healthy subjects, the first EMG 
activity after inversion in different standing conditions using a trap door occurred in 
the peroneal muscles with a latency of 54 ms (Konradsen et al., 1997). Others found 
latencies around ~85 ms for the first reproducible responses (Lynch et al., 1996). 
Moreover, clinical studies compared the obtained latencies of the healthy subjects 
with latencies of patients with ankle instability. Although some authors found no 
difference in latency of the peroneal muscles between the two groups after inversion 
(Johnson and Johnson, 1993), others did find longer latencies in patients with 
functional ankle instability compared to healthy subjects (Konradsen and Ravn, 
1990; Karlsson et al., 1992). Therefore, it is suggested that changes in response 
latency of the peroneal muscles may indicate changes in dynamic stability to 
inversion stress (Lynch et al., 1996). 
One problem with the work cited above is that ankle inversions do not normally 
occur during standing conditions, but rather during more dynamic conditions like 
running and jumping. Results from these studies during standing cannot a priori be 
extrapolated to jumping. For example it is known that reflex responses differ 
depending on the tasks performed (Capaday and Stein, 1986; Duysens et al., 1993; 
Lavoie et al., 1997). Furthermore, responses in the lower leg muscles at latencies of 
about ~85 ms depend on the stretch velocity of these muscles (Lynch et al., 1996). 
After landing from a jump, the velocity of this stretch may be expected to be much 
higher since rotation of the platform will be faster compared with the standing 
conditions. It is therefore hypothesized that latencies of the responses are shorter 
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after jumps than after inversions during standing. 
In addition, the present jumps on inverting surfaces were compared with those on 
horizontal surfaces to be able to extract the specific responses related to the 
inversion. Studies on landing on a horizontal surface have been performed both on 
animals (Dyhre-Poulsen and Laursen, 1984; Prochazka et al., 1977)  and on 
humans (Greenwood and Hopkins1976b; Santello and McDonagh, 1998) but no 
comparison is available with jumps on inverting surfaces.  
The landing data from human studies showed that in triceps surae muscles the 
latencies of the peak of stretch reflexes was 53 ms (Duncan and McDonagh, 2000). 
A study on landing from forward falls, found latencies of 20-30 ms in the upper limb 
for triceps brachii (Dietz and Noth, 1978a; Dietz et al., 1981). Although the peroneal 
muscles produce large responses after inversions, their role during landings on a 
horizontal surface is unknown. These muscles are primarily stretched during 
inversion, therefore these muscles play probably a less important role in landing on 
horizontal as compared to jumping on inverting surfaces. Furthermore, it would be of 
interest to know more about the specificity of the various types of response (SLR, 
MLR, LLR). Most authors agreed that early post-landing responses are short latency 
spinal stretch reflexes (Dietz et al., 1981; Duncan and McDonagh, 2000; Greenwood 
and Hopkins, 1976b; Prochazka et al., 1977). Others however, have argued that 
these responses are in fact pre-programmed (Dyhre-Poulsen and Laursen, 1984). 
Based on our previous work on stumbling (Schillings et al. 1999) it is hypothesized 
that such stretch responses would be quite aspecific. Later responses however, may 
be expected to be increasingly more specific (Gielen et al., 1988). 
The aim of the present study was to test the various hypotheses and to investigate 
the reflex responses of the lower leg muscles due to landing on a surface that would 
or would not induce ankle inversion.  
 
 
Methods 
Experimental set-up 
Subjects. A group of 11 healthy active subjects (five males and six females, age 
range: 22 and 28 years, mean 25 ± 1.2 years) with no ankle instability or weakness 
and no known history of neurological or motor dysfunction participated in this study. 
The experiments were performed after informed consent had been obtained by the 
subjects and in conformity with the declaration of Helsinki for experiments on 
humans. The institutional ethical committee of the University of Nijmegen approved 
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this study.  
 
Platform and trap door. A platform with a height of 30 cm higher than the landing 
surface was used in this study (figure 1). The landing surface consisted of a box with 
a trap door for the left foot and a solid box with equal dimensions and equal 
materials for the right foot. The two boxes were positioned 5 cm in front of the 
platform. A pressure sensitive strip was attached to the surfaces of the trap door to 
detect foot contact. During stimulus trials, the trap door induced an inversion 
movement of the left ankle with a rotation of 25 degrees. To overcome the initial 
resistance of the spring of the trap door for a tilted movement, 200 g was needed for 
the first visible rotation and 2300 g for a rotation of 25°. A detailed description of the 
methods has been given in Chapter 4. 
To measure the degrees of rotation, a potentiometer (KMA 10/70, Philips 
Semiconductors and AB Electronics) was mounted in the trap door. For non-
inversion trials the trap door was blocked. Subjects could not see beforehand 
whether the trap door was blocked or not. 
 
 
 
 
 
 
Figure 1: The experimental
set- up for the jumping task.
A. Starting position – The drop
was initiating by po-sitioning
the left leg slightly forward and
jumping from the platform by
pushing off with an almost
straight right leg. B. End
position - The landing phase
of jumping was performed by
a simul-taneous contact of the
trap door with the left leg and
the “dummy” with the right leg.
Care was taken the subjects
landed on the same half of
each box. 
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EMG 
Using bipolar surface electrodes, electromyographic activity (EMG) of the left lower 
leg muscles was recorded from the m. tibialis anterior (TA), the m.soleus (SOL), the 
m. gastrocnemicus lateralis (GL), the m. gastrocnemicus medialis (GM), the m. 
peroneus longus (PL), and the m. peroneus brevis (PB). The EMG-signals were 
(pre-) amplified (by a factor in the order of 104-105), high passed filter (cut-off 
frequency at 3Hz), full wave rectified, and then low-pass filtered (cut-off frequency at 
300Hz) as previously described by Duysens et al. (1991). The electrodes for each 
muscle were placed longitudinally over the most prominent muscle belly with an 
interelectrode distance of about 30 mm. Care was taken that the interelectrode 
resistance was below 5kΩ. 
The placement of the electrodes was as follows. For the m. tibialis anterior, the 
electrodes were placed over the area of greatest muscle belly just lateral to the crest 
of the tibia on the proximal half of the leg. For the gatrocnemius lateralis and 
medialis, the EMG activity was recorded at the area of the greatest muscle belly of 
the lateral calf and the greatest muscle belly of the medial calf medial, respectively. 
For the peroneus longus muscle, the electrodes were placed distally of the caput 
fibulae, ¼ of the distance between the caput fibulae and the lateral malleolus 
(Basmajian, 1989). For the peroneus brevis muscle, the EMG activity was recorded 
at ¾ of the distance between the caput fibulae and the lateral malleolus, just ventral 
of the tendon of the peroneus longus (Lynch et al., 1996). The ground reference 
electrode was placed on the lateral femur condyl of the left leg. Proper positioning of 
the electrodes over the corresponding muscle bellies was verified by inspection on 
the oscilloscope during maximal voluntary contractions in an upright standing 
position. During the experiments the signals were visually inspected by on-line 
monitoring on an oscilloscope and on a computer display. After the experiment, 
cross talk between the measured muscles was tested using Spearman's correlation 
test. No statistically significant correlation was observed (P > 0.05). 
 
 
Experimental protocol 
A typical experimental run of the randomised experiment for a single subject 
consisted of a total of 40 trials. Both non-inversion and inversion trials were applied 
20 times in a random order. Each subject performed the landing task in a 
standardized way. The subject initiated the drop by positioning the left leg slightly 
forward and jumping from the platform by pushing off with almost straight leg (figure 
1). 
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In this way the jumping task was standardized and jumping upwards or decreasing 
the speed of landing by lowering on the platform, was restricted. To check whether 
pre-knowledge of the outcome affects the preparatory strategy, all subjects 
performed two subsequent experiments with pre-knowledge of the stimulus of each 
10 trials. First 10 non-inversion and then 10 inversion trials were applied. The whole 
set up of the experiment remained the same but the subjects were informed that the 
surfaces would either always tilt or not. 
The landing phase of jumping was performed by simultaneously contacting the trap 
door with the left leg and the “dummy” with the right leg. The subjects were 
instructed to land with both feet on circular plates located in the middle of each of the 
two boxes. Each subject practiced the technique at least 3 times prior to the time of 
data collection without rotation of the trap door. To prevent that the subjects had 
prior knowledge of whether the trap door was going to rotate or not, the wedges 
were replaced outside the field of vision of the subject. 
 
Data sampling. Measurements for each trial started 1000 ms prior to the moment of 
landing on the trap door and lasted 2000 ms. The triggering for the start of the 
measurement was initiated by the contact switch on the trap door. All signals were 
sampled at 500 Hz using an analogue-digital converter and stored on hard disk.  
 
 
Data analysis 
Both the non-inversion and the inversion trials were averaged. Zero time was defined 
as the moment the foot touched the box. To quantify the amplitudes of the 
responses, the mean EMG activity was calculated between the beginning and the 
end of the response. For this purpose, a time window was set over the appropriate 
responses by visual judgment on the average EMG data obtained for each subject. 
To enable a proper intersubject comparison of the response amplitudes, the 
resulting amplitude data of each muscle were normalized with respect to the EMG 
activity during maximal contraction. The response latency and duration 
corresponded to the onset of the response and duration of the time window. To 
obtain the mean response of the whole population, the normalized response 
amplitudes of all subjects were averaged. The EMG activity prior to landing with both 
feet was calculated for two time windows. The EMG activity before take off (350-300 
ms prior to impact) and the EMG activity prior to impact (50-0 ms) were calculated. 
To determine the differences of the response latency, duration, amplitude, and EMG 
amplitude prior to landing between all muscles and between the two conditions, the 
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Friedman two-way ANOVA by ranks was performed. If this initial analysis was 
significant, the Wilcoxon signed-rank test was used to test which muscles differed 
significantly for the two conditions. For this multiple comparison, the significance 
level of the Wilcoxon signed–rank test was set at P < 0.004 according to the false 
discovery rate procedure described by Curran-Everett (2000). To test possible 
habituation effects on the amplitude of the responses, the amplitude of the first three 
trials and the last three trials of the non-inverting and the inverting condition were 
calculated for the PL and the SOL of all subjects. In addition, we analysed two 
anticipation experiments to test whether pre-knowledge influences the pre-activity 
pattern (e.g. activity prior to touchdown) of the PL and SOL. The Friedman ANOVA 
test was used to examine possible differences between the sequences of only 
inverting or non-inverting trials for the PL and the SOL. To compare the mean 
muscle pre-activity of the Pl and the SOL, the differences of the expected and 
unexpected inverting and non-inverting trials were tested by the Wilcoxon signed 
rank test. Except for the multiple comparison test of the false discovery rate 
procedure after a significant Friedman ANOVA, the statistical significance level of P 
<0.05 was used. 
 
 
Results 
General perturbation characteristics 
Successful inversion perturbations were defined as trials in which the subjects 
landed on the appropriate place (see methods). Successful trials were obtained in at 
least 17 out of 20 cases in each subject. The mean percentage of these trials for the 
inversion and the non-inversion condition of all subjects was 95%. The mean time 
for 25° of rotation of the trap door was 42 ms, S.E. ± 1.2 ms (see also Chapter 4).  
 
 
Response latency and duration 
The averaged responses of all subjects both for non-inverting and inverting trials of 
the peroneal muscles (PL and PB) are shown in figure 2. 
Two facilitatory responses were detected following landing impact, which were 
termed SLR and LLR. The mean latency and duration of these responses is shown 
in table 1.  
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The overall onset latency (averaged over all muscles) of the SLR was 43 ms (S.E. ± 
0.9 ms) for the non-inverting and 44 ms (S.E. 0.7 ms) for the inverting condition. 
There was no statistically difference of the onset latencies between the different 
muscles and between the two different conditions for all muscles (Friedman ANOVA 
(11) = 16.059, P = 0.139). The SLR had a mean duration of 27 ms (S.E. ± 1.4 ms)  
Figure 2: Mean normalized EMG activity of the PL and PB. Mean normalized EMG of the 11
subjects for the non-inverting (dotted line) and the inverting (solid line) condition are shown. A
larger response amplitude for the landing on an inverting platform with respect to a non-inverting
platform is filled with black. Zero time is the moment the foot touches the landing surface
represented by the vertical solid line. 
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for the non-inverting and 28 ms (S.E. 2.5 ms) for the inverting condition. No 
significant differences were found for the mean latencies between muscles and 
conditions. The duration was measured as well. The SLR had a mean duration of 27 
ms (S.E. ± 1.4 ms) for the non-inverting and 28 ms (S.E. 2.5 ms) for the inverting 
condition. The overall onset latency of the LLR was 89 ms (S.E. ± 0.9) for the non-
inverting and 90 ms (S.E. 0.6) for the inverting condition. Like the SLR, there was no 
statistically significant difference of the latencies of the LLR between the different 
muscles and between the two conditions for any of the investigated muscles 
(Friedman ANOVA (11) = 12.513, P = 0.326). The LLR had a mean duration of 30 
ms (S.E. ± 2.5 ms) for the non-inverting and 28 ms (S.E. 2.8 ms) for the inverting 
condition. Similar to the SLR, there were no significant differences in response 
duration between muscles and conditions.  
 
 
Response amplitude 
Inspection of figure 2 reveals that the SLR’s of the peroneal muscles were slightly 
higher for the non-inverting condition than for the inverting condition. In contrast, the 
LLR’s of the peroneal muscles were clearly more pronounced in the inverting as 
compared to the non-inverting condition (indicated by the darkened parts in figure 2).  
 
For the triceps surae muscles, such as SOL and the GL, the SLR’s were more 
Tabel 1: SLR and LLR latency, duration, and normalized amplitude by muscle group and
condition. Mean latencies (ms, and ± S.E.), mean duration (ms, and ± S.E.), and normalized
amplitude (mean and ± S.E.) of the responses in the whole population for the different investigated
muscles and the two conditions (for abbreviations see methods). 
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pronounced for the non-inverting than for the inverting stimuli, while the opposite 
was true for the LLR responses (figure 3). The differences between the two 
conditions observed in the single subjects (figure 2 and 3) were also seen in the 
average of all subjects (figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Mean normalized EMG activity of the SOL and GL. Mean normalized EMG activity of
the 11 subjects for the non-inversion (dotted line) and the inversion (solid line) condition are
shown. A larger response amplitude for the non-inversion with respect to the inversion condition
is filled with gray.Mean normalized EMG activity of the SOL and GL. Mean normalized EMG
activity of the 11 subjects for the non-inversion (dotted line) and the inversion (solid line)
condition are shown. A larger response amplitude for the non-inversion with respect to the
inversion condition is filled with gray. 
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Statistics showed significant effects between both conditions and muscles (Friedman 
ANOVA (11)=35.833, P=0.001) (figure 5). However, using the false discovery rate 
procedure with significance level for the Wilcoxon signed-rank test of P>0.004 (see 
methods) no differences were found for the individual muscles between both 
conditions (PL: P=0.075, PB: P=0.075, SOL: P=0.013, GL: P=0.013, GM: P=0.021). 
In TA the SLR’s were absent in both conditions. The same procedure of analysis 
was done for the LLR’s. For all conditions and muscles together the ANOVA again 
revealed significant effects (Friedman ANOVA (11) = 53,923, P = 0.001). Significant 
smaller responses were found during the non-inverting condition compared to the 
inverting condition for the PL (Wilcoxon signed rank test, P=0.003) and PB 
Figure 4: Normalized population
EMG activity of all investigated
muscles. Higher amplitudes of the
responses are coloured with respect
to the landing condition as described
in figures 2 and 3. 
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(Wilcoxon signed rank test, P=0.003) while the triceps surae muscles and TA 
showed no statistically significant differences (Wilcoxon signed-rank test: P > 0.05) 
(figure 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Habituation of the response amplitude.  
To test whether there was a sequential effect on the amplitude of the reflexes due to 
habituation, the first three trials of every condition were compared with the last three 
trials for two arbitrarily chosen muscles (showing largest SLR’s and LLR’s) namely 
SOL and PL. The amplitude of the SLR and the LLR in both muscles did not change 
significantly indicating that habituation was not an important factor (P > 0.05). 
Figure 5: Mean response amplitude of the population data. Normalized mean response amplitude
and S.E. of the normalized EMG. A) EMG activity of the SLR and B) the LLR after landing. The
asterisk indicates statistically significant amplitude differences (Wilcoxon, p < 0.05) between the
two different conditions for the SLR and the LLR. 
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Muscle Activity before landing 
Prior to landing the background activity in leg muscles is known to increase (see 
introduction for references). To examine a possible increase the EMG activity in a 
period 50–0 ms prior to landing on the trap door was compared to the activity in a 
pre take-off period 350-300 ms prior to landing (figure 6). The latter period is just 
before push off from the platform. In all investigated muscles, the activity in the 50-0 
ms time window was considerably larger than in the preceding pre take-off period, 
both for the non inverting (Friedman ANOVA (11) =86.486, P=0.001; Wilcoxon 
signed rank test for all muscles P = 0.003) and for the inverting condition (Friedman 
ANOVA (11) =86.486, P=0.001; Wilcoxon signed rank test for all muscles P=0.003). 
In none of the muscles, the overall mean EMG activity between 350-300 ms and 50-
0 ms prior to landing impact differed significantly between the inverting and non- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Mean response amplitude prior to landing of the population data. Mean normalized
response amplitude and S.E. of the normalized EMG. A) EMG activity prior to the push off (350-
300 ms) and B) EMG activity prior to the landing (50-0 ms). The EMG activity 50-0 ms prior to
landing is statistically significantly higher with respect to 350-300 ms. No differences were found
between the non-inversion and inversion a priori activity. 
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inverting condition (P > 0.05) indicating that subjects had no prior knowledge of the 
type of perturbation that would follow. 
 
 
Influence of pre-knowledge and muscle activity prior to landing 
The questions arose whether subjects would behave differently prior to landing if 
they knew beforehand the outcome of the trial and furthermore if a learning effect 
would occur. Again this was investigated for the PL and the SOL. In all subjects, ten 
trials were performed with a non-inverting platform and ten trials with an inverting 
platform. Subjects had pre-knowledge about the type of condition. The EMG activity 
350-300 ms and 50-0 ms prior to landing of the PL and the SOL showed no 
significant difference between the inverting and non-inverting trials during these pre-
knowledge experiments (Friedman ANOVA (11) < 5.636 P > 0.05). Furthermore, for 
both time windows and both muscles the pre-knowledge experiment showed no 
sequential effects between the first, fifth, and tenth trial in both non-inverting and 
inverting condition (Friedman ANOVA (11) < 1.273, P>0.05). Subsequently, the data 
from the pre-knowledge experiment was compared with the data from the 
randomised trials where the subjects had no pre-knowledge about the type of 
condition. A significant higher EMG amplitude was observed in the SOL in the 50-0 
ms time period before landing during the pre-knowledge experiment for the non-
inverting condition compared to the same condition during the randomised 
experiment (Friedman ANOVA (11) = 17.945, P = 0.003). The EMG activity, either in 
the SOL in the 350-300 ms period or in the PL in both periods, showed no significant 
differences between both experiments and both non-inverting and inverting 
conditions (Friedman ANOVA (11) <3.218, P > 0.05). 
 
 
Discussion 
In general, in both the inverting and non-inverting conditions of the present study 
there were similar large pre-activations in all muscles during 50 ms prior to landing. 
Following landing, however, the responses differed. The SLR’s and LLR’s were 
present in both conditions but there were differences in the amplitude of the 
responses in the various muscles. Compared to landing on a non-inverting platform, 
landing on an inverting platform caused significant larger LLR’s in the peroneal 
muscles (which underwent the largest stretch) but not in the triceps surae. Inversely, 
landing on a non-inverting platform induced sizeable SLR responses in triceps but 
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only small responses in the peroneal muscles. For the inverting condition, the SLR 
(~ 44 ms) and LLR (~90 ms) were clearly too late to be able to resist ankle inversion 
during a perturbation lasting only 42 ms. Hence the importance of these reflexes 
must lie in the period after the rotation. 
 
 
Short latency responses after landing on an inverting or non-inverting 
platform 
The SLR’s in all triceps surae muscles were especially large after landing on the 
non-inverting platform. These prominent SLR’s in the triceps surae are consistent 
with previous findings. In cats dropped from a height of 0.1 m - 0.5 m, Prochazka et 
al. (1977) recorded EMG bursts from the lateral gastrocnemius ~20 ms following 
landing impact. Anaesthesia of the foot pads (Prochazka et al., 1977) as well as 
blindfolding (Lewis et al., 1977) did not eliminate pre-programmed activity and 
therefore provided strong evidence that the responses were due to stretch reflexes. 
In man, several studies have investigated landing, including landing on false floors 
(Duncan and McDonagh, 2000; Greenwood and Hopkins, 1976a; Santello and 
McDonagh, 1998). The mean latencies of the peak of the responses for the 
gastrocnemius and soleus muscle were 53 ms and 56 ms respectively and were 
consistent with the present findings (onset latency of 44 ms). However, responses 
between studies are hard to compare since these responses after a jump depend on 
the drop distance (Dietz et al., 1981 for the upper limb; Santello and McDonagh, 
1998; and Duncan and McDonagh, 2000 for the lower limb). For example, Santello 
and McDonagh (1998) demonstrated that the amplitude of the muscle activity after 
impact was proportional to the range of heights from 0.2 to 1.0 m (and latency was 
shown to depend on amplitude). Duncan et al. (2000) used a height of 0.45 m or 
0.70 m while the present study was based on a height of 0.3 m.  
In hopping movements, which represent repeated stretch-shortening cycles of the 
leg extensor muscles, Dyhre-Poulsen et al., (1991) suggested that reflex activity 
could contribute to the initial peak and the EMG during lift off. They described the 
beginning of a high peak at ∼45 ms. During the landing impact after a drop jump, 
Dyhre-Poulsen et al., (1991) and Avela et al. (1996) described similar short latency 
reflexes in the triceps surae. Most of these studies, including the most recent one 
(Duncan and McDonagh, 2000) supported the theory that the SLR found in the 
triceps surae after landing and during hopping were stretch reflexes, as was 
suggested earlier for similar reflexes after landing during running (Dietz and Noth, 
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1978b).  
The present data support the reflex theory for the following three reasons. First, 
compared with previous studies, the response latency in the present study is shorter, 
probably due to a higher velocity, thereby inducing a higher stretch velocity of the 
muscles. Previous studies have indicated that the latency of reflex responses 
shortened at a higher tilting speed (Lynch et al., 1996). As might have been 
expected, the velocity of rotation are much higher (595º/s) in jumping on tilting 
surfaces as compared to previous studies dealing with standing on tilting surfaces 
(up to 200º/s, Lynch et al., 1996; Isakov et al., 1986) and walking tasks (403º/s, 
Nieuwenhuijzen et al., 2002). These differences of speed can be explained by the 
higher impact on the trap door in the jumping task compared to other tasks 
(Nieuwenhuijzen et al., 2002; Lynch et al., 1996).  
Secondly, the SLR responses were larger for non-inverting than for inverting 
surfaces, presumably because in the inversion condition the tilting of the platform 
acted somewhat as the “false floor”, damping the impact and thereby decreasing the 
stretch velocity of the ankle plantar flexors. Thirdly, the SLR amplitude was 
independent of pre-innervation, thereby making pre-programming unlikely. 
 
 
Influence of pre-knowledge  
In the previous results the subjects had no prior knowledge of the type of condition. 
The question arises whether such pre-knowledge would change the anticipatory 
strategy of the subjects. For two muscles (SOL and PL), a comparison was made for 
the pre-activity in the different conditions with pre-knowledge (inverting of the 
platform) and without pre-knowledge (extracted from the randomised experiment 
with the possibility to invert or not invert). Significant differences were limited to 
higher pre-activity in the SOL 50-0 ms for the expected non-inverting condition with 
respect to the same condition in the non-expected randomised trial. This larger pre-
activity in the SOL might be caused by a different safety strategy used by the 
subjects in the two conditions. Presumably in the expected condition the SOL was 
more pre-activated because the subjects intended to take more weight on the left 
(ipsilateral) leg. Inversely, by landing more on the non-perturbed right (contralateral) 
leg during the randomised experiment, the subjects perhaps decreased the amount 
of impact on the perturbed leg. 
With respect to the issue of habituation on the responses, the present data show 
that there was no habituation effect in SOL and PL. The results of the EMG activity 
of the PL and the SOL prior to the landing of the anticipation experiments confirmed 
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that subjects used the same strategy within the trials and no habituation occurred. 
 
  
Long latency responses 
The second type of responses had a mean latency of 89-90 ms. For all lower leg 
muscles the latencies ranged from 85 to 91 ms. This places them closer to M3 or 
LLR (95 ms) described by Petersen et al. (1998) than to M2 or MLR (69 ms) as 
described by other studies (e.g. for TA 67-71 ms in Corna et al., 1996; 69-80 ms in 
Toft et al., 1989). For some authors the definition of M2 is broader for TA (65-110 ms 
in Nardone et al., 1996) but one then risks to mix M2 and M3. Furthermore, it is 
important to consider the response in all the muscles studied, especially since these 
responses are seen as the expression of a single synergy. For SOL, the present 
latency (91 ms) is too long for an M2 or MLR (compare with 78 ms in Grey et al., 
2001). For the peroneal muscles, Lynch et al. (1996) found latencies of the peroneal 
muscles of about ~85 ms and labelled them medium latency response. Whereas our 
LLR shows similar latencies as described in the study by Lynch et al, the labelling of 
the responses as medium latency or M2 is avoided, because it would be in conflict 
with the nomenclature used for other muscles. Therefore in general, we referred to 
these lower leg responses with a latency of 85-87 ms as LLR (also labelled M3 
response in other studies). In contrast to the short latency responses, the presently 
found long latency responses were more prominent in the peroneal muscles after 
landing on the inverting surface, compared to responses after landing on the non-
inverting surface. It is tempting to speculate that these highly specific LLR’s in the 
peroneal muscles are related to a complex balance correcting response aimed at 
providing stability in the frontal plane. For non-inverting perturbations such stabilizing 
response is not required and therefore a “simple” stretch reflex is sufficient. The 
diffusely occurring SLR is presumably important to resist potential further muscle 
lengthening and in providing increased stiffness (Nichols and Houk, 1976; Kearney 
et al., 1997). In contrast, the larger and more selective LLR in PL and PB are likely 
to play a much more specific role as proposed previously for LLR’s in other tasks in 
different muscles (Gielen et al., 1988; Sullivan and Hayes, 1987). 
 
 
Origin of these responses 
If SLR would depend more on the sensitive primary afferents than LLR, one would 
expect SLR responses to occur more readily following any type of perturbations 
resulting in a minor degree of muscle stretch. This is exactly what was found in 
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studies involving minor stumbles during gait. Under these conditions widespread 
SLR were found in all leg muscles investigated, while LLR or M3 responses 
appeared much more selectively in some of these muscles (Schillings et al., 2000). 
Similarly, the present results showed that the SLR occurred in almost all muscles 
investigated while the LLR was much more specific. Therefore, the present data are 
consistent with the idea that SLR is mediated predominantly by the monosynaptic Ia 
pathway to the spinal motoneurons. 
In contrast, the origin of the LLR is less clear, especially in lower leg muscles. 
Recent studies provided evidence that transcortical reflexes do exist for lower leg 
muscles (Petersen et al., 1998; Grey et al., 2001) and at least contribute to the long 
latency response (or M3 response). For example, Petersen et al. (1998) showed 
clearly a strongly facilitated third peak in the TA with an onset of ~ 94 ms, evoked 
simultaneously by the stretch due to ankle dorsiflexion and by stimulation of the 
motor cortex due to transcranial magnetic stimulation. Therefore, the origin of the 
LLR seems to be compatible with a ´long-loop` pathway.  
Our data indicate that the LLR responses are in fact quite widespread and may be 
part of a broader reaction or synergy, perhaps along the line of a postural reaction. 
Such reactions are only effective after the perturbation since the latency of these 
responses was about 90 ms while the inversion lasts only 42 ms. Hence the 
importance of these reflexes must lie in the period after the rotation.  
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Summary 
With respect to the question stated in Chapter 1 “What are the postural reactions 
that contribute to prevent unexpected falls and possible injuries in man?”, four main 
aims were addressed in this thesis.  
 
In Chapter Two, lightweight corsets were used to produce mid-body stiffening, 
rendering the hip and trunk joints practically inflexible. To examine the effect of this 
artificially increased stiffness on balance control, the upright stance of young 
subjects (20-34 years of age) were perturbed while they wore one of two types of 
corset or no corset at all. One type, the “half-corset”, only increased hip stiffness, 
and the other, the “full-corset”, increased stiffness of the hips and trunk. The 
perturbations consisted of combined roll and pitch rotations of the support surface 
(7.5°, 60°/s) in one of 6 different directions. Outcome measures were biomechanical 
responses of the legs, trunk, arms and head, and electromyographic (EMG) 
responses from leg, trunk, and upper arm muscles. 
With the full-corset, a decrease in forward stabilising trunk pitch rotation compared to 
the no-corset condition occurred for backward pitch tilts of the support surface. In 
contrast, the half-corset condition yielded increased forward trunk motion. Trunk 
backward pitch motion after forward support-surface perturbations was the same for 
all corset conditions. Ankle torques and lower leg angle changes in the pitch 
direction were decreased for both corset conditions for forward pitch tilts of the 
support-surface but unaltered for backward tilts. Changes in trunk roll motion with 
increased stiffness were profound. After onset of a roll support-surface perturbation, 
the trunk rolled in the opposite direction to the support-surface tilt for the no-corset 
and half-corset conditions, but in the same direction as the tilt for the full-corset 
condition. Initial head roll angular accelerations (at 100 ms) were larger for the full-
corset condition but in the same direction (opposite platform tilt) for all conditions. 
Arm roll movements were initially in the same direction as trunk movements, and 
were followed by large compensatory arm movements only for the full-corset 
condition. Leg muscle (soleus, peroneus longus, but not tibialis anterior) balance-
correcting responses were reduced for roll and pitch tilts under both corset 
conditions. Responses in paraspinals were also reduced. 
 
These results indicate that young healthy adults cannot rapidly modify movement 
strategies sufficiently to account for changes in link flexibility following increases in 
hip and trunk stiffness. The changes in leg and trunk muscle responses failed to 
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achieve a normal roll or pitch trunk end position at 700 ms (except for forward tilt 
rotations), even though head accelerations and trunk joint proprioception seemed to 
provide information on changed trunk movement profiles over the first 300 ms 
following the perturbation. The major adaptation to stiffness involved increased use 
of arm movements to regain stability. The major differences in trunk motion for the 
no-corset, half-corset and full-corset conditions support the concept of a multi-link 
pendulum with different control dynamics in the pitch and roll planes as a model of 
human stance. Stiffening of the hip and trunk increases the likelihood of a loss of 
balance laterally and/or backwards. Thus, these results may have implications for 
the elderly and others, with and without disease states, who stiffen for a variety of 
reasons.  
 
 
In Chapter Three, a study was designed to test the hypothesis that human balance 
corrections for pitch perturbations are controlled by muscle action mainly about the 
ankle and knee joints, while balance corrections for roll perturbations are controlled 
by motion about the hip and lumbo-sacral joints, with little interaction between the 
two directions even when the perturbation is multi-directional. A dual-axis rotating 
support surface delivered unexpected random perturbations to the stance of 19 
healthy young adults through 8 different directions in the pitch and the roll planes, 
and 3 delays between pitch and roll directions. Each rotational perturbation had a 
constant total amplitude of 7.5° and an angular velocity of 60°/s. Roll-delays with 
respect to pitch were: no delay (roll and pitch movements of the support-surface 
occurred simultaneously), ‘short delay’ (a 50 ms delay of roll with respect to pitch 
movements, chosen to correspond to the onset-time of leg-muscle stretch-reflexes), 
and ‘long delay’ (a 150ms delay between roll and pitch movements chosen to shift 
the time when trunk roll velocity would peak, in the no delay condition to the time 
when trunk peak pitch velocity normally occurs). Biomechanical measures included 
pitch and roll measurements at different body segments and with different ground-
reaction forces. EMG activity was recorded from the left tibialis anterior, soleus, 
peroneus longus, gluteus medius, paraspinals, and oblique externus muscles. 
 
Delays of stimulus roll with respect to pitch resulted in significantly delayed 
biomechanical roll responses of the leg, trunk, arms and head without any significant 
changes in roll velocity amplitude with respect to the no delay condition. Peak roll 
velocities of these segments occurred at times consistent with the stimulus delay, 
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that is, at ca. 50 and 150 ms later than times for the no delay condition. Delayed roll 
perturbations induced only small changes in the pitch motion of the legs and trunk as 
well as ankle torques. Amplitudes and directional sensitivity of stretch reflexes and 
balance correcting responses in leg muscles were not altered with increasing roll 
delay. Stretch reflexes in hip and trunk muscles were practically diminished in the 
first 100 ms and balance correcting responses in trunk muscles became split into 
two responses with delayed roll. The first of these responses had a directional 
responsiveness aligned more along the pitch plane. The main, larger, response 
occurred with an onset and time-to-peak consistent with the delay in trunk roll 
displacement and its directional responsiveness did not change. The sum of the 
amplitudes of these two types of balance-correcting responses remained constant 
with roll delay. 
 
These results support the hypothesis that corrections of the body’s pitch and roll 
motion are programmed separately by the CNS, and provide insights into possible 
triggering mechanisms. The fact that stretch reflexes were absent with delayed roll in 
hip and trunk muscles but leg balance-correcting responses were unaltered 
suggests that balance-corrections in the pitch plane are mainly triggered by knee, 
and not by upper body, proprioceptive input. The evidence that leg muscle balance-
correcting activity is unaltered by delayed trunk roll also indicates that roll motion is 
not corrected by leg muscle activity. On the other hand, the delayed balance-
correcting activity in trunk muscles despite clear early onset stretch reflexes in leg 
muscles suggests that this balance-correcting activity in trunk muscles is triggered 
by trunk and not by leg muscle stretch reflex activity. Hip and trunk muscle activities 
appear to have a dual action in balance corrections. The main action is to correct for 
roll perturbations and the lesser action may be an anticipatory stabilising reaction for 
pitch perturbations. 
 
 
In Chapter Four, a new method was introduced to study sudden ankle inversions 
during human walking and jumping. Ankle inversions of 25° were elicited using a box 
containing a trap door. During the gait task, subjects walked at a speed of 4 km/h. At 
a pre-programmed delay after left heel strike, an electromagnet released the box on 
the treadmill. This delay enabled the subject to step on the box without having to 
change the walking cadence. During the jumping task, subjects jumped from a 30 
cm high platform on the box in a standardised way. In both tasks 20 stimulus and 20 
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control trials were presented randomly. The average tilting velocity of the trap door 
during the stimulus trials was 403°/s during the walking task and 595°/s during the 
jumping task. For the control trials a tilting of 0° was used. With this method it is 
possible to evoke reproducible ankle inversions causing characteristic EMG 
responses in six lower leg muscles. 4 
 
 
Chapter Five describes inversions during landing. In the lower leg, landing after a 
jump induces reflexes, the role of which is not well understood. This is even more so 
for reflexes following landing on inverting surfaces. The latter condition is of special 
interest since ankle inversion traumata are one of the most common injuries during 
sports. Most studies have investigated ankle inversions during a static standing 
condition. However, ankle injuries occur during more dynamic activities such as 
jumping. Therefore, the present study aimed at reproducing these situations but in a 
completely safe setting. For this purpose, a study was made of EMG responses after 
landing on an inverting surface, thereby causing a mild ankle inversion of 25 
degrees of rotation (in a range sufficient to elicit reflexes safe enough to exclude 
sprains). The results are compared with data from landing on a non-inverting surface 
to understand the effect of the inversion.  
In general, the landing on the platform resulted in short- and long latency responses 
(SLR and LLR) in triceps surae (soleus, gastrocnemius medialis and lateralis) and 
peroneal muscles (long and short peroneal) but not in the tibialis anterior. Landing 
on the inverting platform caused significant higher LLR’s amplitudes in the peroneal 
muscles (which underwent the largest stretch) but not in the triceps. Inversely, 
landing on a non-inverting platform induced larger SLR responses in triceps than in 
the peroneal muscles. Although the peroneal LLR’s thus appeared to be selectively 
recruited in an inverting perturbation, their role during such perturbation should be 
limited since the latency of these responses was about 90 ms while the inversion 
lasts only 42 ms. The SLR’s, if present, had an onset latency around 44 ms. In the 
period following the inversion, however, the responses may be important in 
preventing further stretch of these muscles.  
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Future research 
To implement the findings of this thesis in a theoretical framework and in a clinical 
context, future research should  focus on several aspects.     
 
First of all, the recognition that adequate control over arm and trunk motion is vitally 
important for maintenance of stable posture may help ameliorate some of the clinical 
manifestations of balance disorders. These findings provide evidence that increased 
trunk stiffness particularly in roll might be an additional cause of trunk instability in 
the elderly. Therefore, exercise therapy for elderly might focus more on improvement 
of trunk flexibility and pre-programmed arm movements for possible cushioning 
reactions and to enhance balance control. For example, programs to help the elderly 
develop a more adequate protection against falls by raising the uphill arm rather 
than moving it downhill as the young did with the full-corset may help to reduce 
falling tendencies of the elderly. Reduction of trunk stiffness by physical therapy 
thereby improving trunk flexibility would be another means to achieve adequate 
balance control in the elderly and should be investigated further in detail.  
 
Furthermore, the results of this thesis support the hypothesis that corrections of pitch 
and roll motion are programmed separately by the CNS and provide insights into 
possible triggering mechanisms. If separate roll and pitch commands are calculated 
and released simultaneously as suggested, this would explain a number of previous 
findings and pose some interesting physiological and clinical questions that need 
further explanation. One of the earlier studies (Carpenter et al., 1999) showed that 
trunk roll normally peaks in velocity at 140 ms, some 100 ms earlier than trunk pitch. 
Why is the trunk roll correction not issued first in this case? Presumably there are a 
number of reasons for this. It is probably more effective to issue the pitch and roll 
commands more simultaneously. Waiting for more information on the roll profile 
would increase the efficiency of the response. In addition, issuing the pitch 
command to the legs at the same time would ensure that the legs were stiffened up 
as a support for the trunk commands. Once stance is perturbed, the trunk roll 
velocity profile, but not that of the trunk pitch velocity, will change with ageing (Allum 
et al., 2002). This provides another reason to wait for trunk roll information before 
issuing the pitch command to the leg muscles. Some clinical consequences might 
arise from separate pitch and roll balance correcting commands. Presumably any 
disease that affects the generation of the timing and metrics of the separate pitch 
and roll commands will lend to non- or badly coordinated balance corrections. An 
Chapter 6 
 107  
example would be the lateral sway in patients with cerebellar hemisphere lesion or 
the anteriorposterior sway in patients with spino-cerebellar degeneration (Umemura 
et al. 1989). To focus on the timing of the pitch and roll separation for treatment of 
balance disorders or other balance diseases is a challenge for future research. 
  
Additional, the results of this thesis show that with the current method to study 
sudden inversions on an tilting support surface, reproducible natural perturbations 
can be presented, eliciting two EMG responses, an early small and inconsistent 
response and a mid/late latency larger and more consistent one. Future studies 
should further examine the role of the lower leg muscles in stabilising and protecting 
the ankle joint during sudden inversion in gait and the jumping task, especially focus 
on the clinical problem of recurrent ankle sprains. The diffusely occurring SLR is 
presumably important to resist potential further muscle lengthening and in providing 
increased stiffness. In contrast, the larger and more selective LLR in PL and PB are 
likely to play a much more specific role as proposed previously for LLR’s in other 
tasks in different muscles. Hence the importance of these reflexes must lie in the 
period after the rotation and should be investigated more in detail in future. 
Moreover, the data of this thesis indicate that the LLR responses are in fact quite 
widespread and may be part of a broader reaction or synergy, perhaps along the line 
of a postural reaction. The study of more proximal muscles like the gluteus muscles 
and the paraspinals during such perturbations of the ankle might provide additional 
information to understand the motor commands along the line of a postural reaction 
to prevent ankle inversion sprains, in particular recurrent ankle inversion sprains.     
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Samenvatting 
In het dagelijks leven komt het vaak voor dat iemands evenwicht wordt verstoord. 
Goede voorbeelden hiervan zijn een onverwacht afstapje of een gat in de weg, wat 
niet op tijd werd gezien. In bijna alle gevallen zijn we dan nog in staat om deze 
balansverstoring te corrigeren waardoor we niet vallen. De belangrijkste vraag in dit 
proefschrift is gerelateerd aan balansverstoringen en luidt: “Welke houdingsreacties 
helpen te voorkomen dat men valt of blessures oploopt bij plotselinge 
balansverstoringen?”  
 
De afgelopen decennia heeft deze vraag veel aandacht gekregen, wat heeft geleid 
tot uitgebreid onderzoek in dit vakgebied. In deze onderzoeken werd er gekeken hoe 
proefpersonen corrigeren voor plotselinge verstoringen tijdens staan maar ook in 
meer dynamische situaties zoals tijdens lopen en bij het landen na een sprong. In 
deze studies wordt vooral gekeken naar de musculaire en biomechanische reacties 
van de onderste extremiteiten, de romp en de armen op plotselinge 
balansverstoringen. Wanneer deze studies met elkaar worden vergeleken, blijken er 
vele tegenstrijdigheden in de resultaten te bestaan. Bovendien is het aantal studies 
naar balansverstoring in dynamische situaties gering. Daarom richt dit proefschrift 
zich op de motorische reacties die worden gegenereerd om plotselinge externe 
verstoringen te kunnen opvangen.  Dit proefschrift beschrijft vier studies waarin een 
aantal factoren wordt onderzocht die houdingsreacties bij balansverstoringen 
beïnvloeden. De plotselinge verstoringen worden daarbij opgelegd door dynamische 
of passieve platformen.   
 
 
In Hoofdstuk 2 werd onderzocht wat de invloed is van fixatie van heup en romp. 
Daartoe werd een lichtgewicht korset gebruikt. Door dit korset was het vrijwel 
onmogelijk de heup en romp te bewegen. Het effect van deze kunstmatige fixatie 
van de heupen en de romp op houdingsreacties werd onderzocht bij jonge 
proefpersonen (20-24 jaar). De verstoring van de balans werd veroorzaakt door de 
kanteling van het platform waarop de proefpersoon stond. Het platform kon 
gekanteld worden in voor/achterwaartse richting, zijwaartse richting en een 
combinatie van beide richtingen. Dit maakte het mogelijk om de proefpersoon in 6 
verschillende richtingen te laten kantelen (7.5°, 60°/s). De proefpersonen werden 
getest in drie verschillende condities: In de eerste conditie droeg de proefpersoon 
geen korset. In de tweede conditie werd gebruik gemaakt van het “halve korset” die 
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de flexibiliteit van de heup minimaliseerde. In de derde conditie droeg de 
proefpersoon het “hele korset”, die de flexibiliteit van zowel de heup als de romp 
minimaliseerde. Hierbij werden de biomechanische reacties van de benen, de romp, 
de armen en het hoofd gemeten als ook de spier activiteit (EMG) van de been-, 
romp- en de bovenarm spieren.  
 
Met het “hele korset” was, bij een achterwaartse kanteling, een afname van de 
voorwaartse romp stabilisatie te zien ten opzichte van de conditie zonder korset. 
Daartegenover veroorzaakte het “halve korset” juist een toename in voorwaartse 
beweging van de romp bij een achterwaartse kanteling van het platform. De 
rompbeweging naar achteren als gevolg van een voorwaartse kanteling van het 
platform was voor alle experimentele condities hetzelfde.  
Voor de voorwaartse kanteling van het platform was een afname te zien van de 
momenten rond de enkel en de hoek van het onderbeen in het sagitale vlak bij beide 
korset types ten opzichte van de conditie zonder korset. Echter voor de 
achterwaartse kanteling van het platform werden geen verschillen gevonden tussen 
de condities met korset en de conditie zonder korset.     
De veranderingen van de rompbeweging in zijwaartse richting (bewegingen in het 
frontale vlak) waren het duidelijkst. In de condities met het “halve korset”  en “zonder 
korset” werd -direct na het begin van een zijwaartse kanteling van het platform- door 
de romp een lateroflexie gemaakt in de tegengestelde richting als de kanteling van 
het platform. In de conditie met het “hele korset” maakte de romp juist een 
lateroflexie in dezelfde richting als waarin het platform kantelde. De initiële 
zijwaartse hoofdbeweging (ongeveer 100 ms na de verstoring) was voor alle drie de 
condities tegengesteld aan de kanteling van het platform. Maar deze initiële 
zijwaartse hoofdbeweging was groter voor de conditie met de “hele korset“ dan voor 
de andere twee condities. De initiële beweging van de armen in zijwaartse richting 
was in dezelfde richting als de zijwaartse romp beweging. In de “hele korset“ 
conditie werden de initiële zijwaartse arm bewegingen gevolgd door grote 
compensatoire bewegingen.   
Bij beide korset types en bij alle kantelingen waren de balanscorrigerende reacties 
van de onderbeenspieren afgenomen (M. soleus, M. peroneus longus, maar niet de 
tibialis anterior). De balanscorrigerende spieractiviteit van de lage rugspieren 
(paraspinals) was eveneens afgenomen.   
 
De resultaten in deze studie tonen aan dat jonge proefpersonen niet in staat zijn hun 
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bewegingspatroon voldoende aan te passen om adequaat op kunstmatige stijfheid 
van de heupen en de romp te kunnen reageren. De veranderingen in 
balanscorrigerende reacties van been- en rompspieren waren niet voldoende om na 
700 ms een stabiele houding aan te nemen bij alle platform kantelingen (met 
uitzondering van de voorwaartse kanteling), terwijl de vestibulaire informatie door de 
versnelling van het hoofd en de proprioceptieve informatie van de rompgewrichten in 
de eerste 300 ms de kanteling hadden kunnen aangeven.  
 
De grootste aanpassing die gemaakt wordt als gevolg van de kunstmatige stijfheid 
van de romp en heup is een toename in armbewegingen om weer een stabiele 
houding te krijgen. Het grote verschil in rompbeweging tussen de verschillende 
condities vormt een onderbouwing voor het model van een multi-link pendulum 
tijdens staan met een verschillend controle mechanisme voor de voor/achterwaartse 
en de zijwaartse kantelingen. Het verlies aan balans voor de zijwaartse en/of de 
achterwaartse kantelingen wordt waarschijnlijk veroorzaakt door een hogere mate 
van stijfheid van de heupen en de romp. De resultaten kunnen duiden op 
verminderde houdingsreacties bij bijvoorbeeld ouderen en mensen met bepaalde 
pathologieën waarbij stijfheid  een rol speelt.  
 
 
Het doel van Hoofdstuk 3 was om te bestuderen of de correctie van 
balansverstoringen in voor- en achterwaartse richting hoofdzakelijk door de spieren 
rondom het enkel en knie gewricht worden gecontroleerd, terwijl de correctie van 
balansverstoringen in zijwaartse richting hoofdzakelijk door de bewegingen rondom 
het heupgewricht en de lumbo-sacrale gewrichten worden gecontroleerd. Daarbij 
verwachtten we een minimale interactie tussen de spieren rondom de knie en de 
enkel enerzijds en de heup en de lumbo-sacrale gewrichten anderzijds, zelfs voor 
verstoringen die beide richtingen combineren.  
Een platform dat gekanteld kon worden om twee assen (voor/achterwaarts: “frontale 
vlak” en zijwaarts: ”sagitale vlak”) werd gebruikt om negentien gezonde jonge 
proefpersonen onverwacht te kantelen terwijl ze op het platform stonden.  
 
Het platform werd zowel in voor/achterwaartse richtingen, als in zijwaartse richtingen 
gekanteld. Dit resulteerde in 8 verschillende gecombineerde richtingen. Tussen het 
begin van de voor/achterwaartse kanteling en de zijwaartse kanteling konden 3 
verschillende vertragingen zitten. Elke kanteling had een constante amplitude van 
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7.5° en een hoeksnelheid van 60°/s. Tijdsintervallen (delay) waarop de zijwaartse 
kanteling ten opzichte van de voor/achterwaartse kanteling begonnen waren: I) 
“geen delay” (kanteling in beide richtingen gebeurde simultaan), II) “kort delay” (De 
zijwaartse kanteling begon 50 ms later dan de voor/achterwaartse kanteling, 50 ms 
was gekozen in verband met de eerste reactie van de onderbeen spieren) en III) 
“lang delay” (De zijwaartse kanteling begon 150 ms later dan de voor/achterwaartse 
kanteling, dit delay was gebaseerd op het tijdsverschil tussen het optreden van de 
maximale rompsnelheid in zijwaartse richting en het optreden van de maximale 
rompsnelheid in voor/achterwaartse richting zoals die wordt bereikt bij de “geen 
delay“ conditie). Zijwaartse en voor/achterwaartse rotaties van verschillende 
lichaamssegmenten en de grondreactie krachten werden gemeten. Tevens werd de 
Electromyografische activiteit (EMG) van de spieren van het linker been gemeten in 
de tibialis anterior, soleus, peroneus longus en de gluteus medius, alsmede in 
paraspinals en de obliqus externus. 
 
Delays tussen de zijwaartse kanteling en de voor/achterwaartse kanteling 
resulteerden in significant vertraagde biomechanische zijwaartse reacties van de 
benen, armen, romp en hoofd zonder een verandering van de zijwaartse amplitude 
ten opzichte van de “geen delay” conditie. Het tijdstip waarop de maximale 
zijwaartse snelheid van deze lichaamssegmenten werd bereikt, correspondeerde 
met de delays tussen de kantelingen, dat wil zeggen dat ze ca. 50 en 150 ms later 
optraden dan in de “geen delay” conditie.  
Indien de zijwaartse kanteling later kwam dan de voor/achterwaartse kanteling, 
induceerde dit alleen geringe veranderingen in voor/achterwaartse bewegingen van 
de benen en de romp, als ook in de geleverde momenten van de enkel. Amplitudes 
en de richtingsafhankelijkheid van de stretch-reflex en de balanscorrigerende 
reacties van de onderbeen spieren veranderden niet met toename van het delay 
tussen zijwaartse kanteling en voor/achterwaartse kanteling. Stretchreflexen van de 
heup en de romp spieren waren bijna volledig verdwenen gedurende de eerste 100 
ms. De balanscorrigerende reacties van de rompspieren konden worden opgesplitst 
in twee reacties als gevolg van de delay tussen de kantelingen. De eerste respons 
liet een richtingsafhankelijkheid zien, vooral in voor/achterwaartse richting. De 
tweede respons, tevens de grootste, begon op hetzelfde moment en had dezelfde 
tijd tot het maximum als de delay tussen de kantelingen. Ook de 
richtingsafhankelijkheid van de tweede respons veranderde niet. De som van de 
twee amplitudes van deze twee balans corrigerende reacties bleef constant met de 
Summary and future research (in Dutch) 
 114 
delay in zijwaartse kanteling. 
 
De resultaten van deze studie ondersteunen de hypothese dat de correcties van de 
lichaamsbewegingen na balansverstoringen in voor/achterwaartse en zijwaartse 
richting separaat door het CZS (centrale zenuwstelsel) worden gestuurd. Tevens 
geven de resultaten inzicht in mogelijke aansturing mechanismen. Het feit dat de 
stretchreflexen van de heup- en de rompspieren na een uitgestelde zijwaartse 
kanteling niet aanwezig waren, maar balanscorrigerende reacties van de benen 
onveranderd waren, suggereert dat balanscorrigerende reacties in 
voor/achterwaartse richting hoofdzakelijk door de knie worden uitgevoerd en niet  
worden aangestuurd door proprioceptieve input van de hogere ledematen. Het feit 
dat de balanscorrigerende activiteit van de onderbeenspieren na vertraagde 
voor/achterwaartse balansverstoringen onveranderd blijft, wijst erop dat zijwaartse 
kantelingen niet gecorrigeerd worden door de onderbeenspieren. Aan de andere 
kant suggereren de vertraagde balanscorrigerende activiteiten van de rompspieren -
ondanks een duidelijk vroege stretch reflex in de onderbeenspieren- dat de 
balanscorrigerende reacties van de romp door de romp zelf worden geïnitieerd en 
niet door de stretch reflex van de beenspieren. Het lijkt erop dat de activiteit van 
heup en romp spieren een tweeledige taak hebben tijdens balans correcties. De 
hoofdtaak is het corrigeren van zijwaartse verstoringen. De tweede en minder 
belangrijke taak is een anticiperende correctie voor verstoringen in 
voor/achterwaartse richting.          
 
 
In de hoofdstukken 4 en 5 werden dynamische balansverstoringen en de correctie 
van het CZS zoals bijvoorbeeld tijdens het lopen en de landingsfase na een sprong 
onderzocht. 
Hoofdstuk 4 introduceert een nieuwe methode om plotselinge inversie verstoringen 
van de enkel te onderzoeken tijdens het menselijke lopen en het springen. 
Enkelinversies werden uitgelokt door een valluik ingebouwd in een doos. Het valluik 
kon 25° kantelen. Tijdens de looptaak liepen de proefpersonen met een snelheid 
van  4 km/u. Na een voorgeprogrammeerd tijdsinterval na linker hielcontact liet een 
elekromagneet de doos op de loopband vallen. Deze vertraging zorgde ervoor dat 
de proefpersoon op de doos konden stappen zonder het looppatroon te veranderen. 
Tijdens de springtaak sprongen de proefpersonen van een 30 cm hoge platform op 
een gestandaardiseerde wijze op de doos. In beide taken werden 20 stimulus- en 20 
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controle trials gerandomiseerd uitgevoerd. De gemiddelde kantelsnelheid tijdens de 
stimulus trials van het valluik was tijdens de looptaak 403°/s en tijdens de springtaak 
595°/s. Tijdens de controle trials kantelde het valluik niet. Met deze methode is het 
mogelijk reproduceerbare enkelinversies uit te lokken waardoor karakteristieke EMG 
reacties werden veroorzaakt in zes onderbeenspieren.  
 
 
Hoofdstuk 5 beschrijft de inversie beweging tijdens een sprong. Het landen na een 
sprong induceert reflexen in de onderbeen spieren maar welke rol deze reflexen 
hebben is niet volledig duidelijk.  Dat is zelfs nog meer het geval voor wat betreft het 
landen op een kantelend platform dat inversie van de enkel tot gevolg heeft. Dit is in 
bijzonder mate interessant omdat enkel inversie traumatas de meest voorkomende 
trauma in de sport is. De meeste voorgaande studies hebben enkel inversie tijdens 
statische condities onderzocht. Echter, enkel inversie trauma’s gebeuren tijdens 
dynamische activiteiten zoals springen. Daarom werd in dit onderzoek op een veilige 
manier de enkel inversie in een dynamische beweging bestudeerd.  
Proefpersonen sprongen op een platform dat kantelde, en de EMG reacties van 
verschillende spieren in het onderbeen werden geregistreerd. De kanteling van het 
platform van 25° veroorzaakte een inversiebeweging in de enkel. Deze kanteling 
was voldoende om reflexen in het onderbeen op te wekken maar voldoende veilig 
om geen letsels te veroorzaken. Om het effect van inversie te bestuderen werden de 
resultaten vergeleken met de resultaten tijdens het landen op een platform dat niet 
kantelde. 
In het algemeen resulteerde de landing in een vroege (SLR, short latency respos) en 
een late respons (LLR, long latency response) in de kuitspieren (M. soleus, M. 
gastrocnemius medialis en lateralis) en de peroneus spieren (M. peroneus longus,  
M. peroneus brevis) maar niet in de tibialis anterior.  Het landen op een kantelend 
platform met inversie van de enkel tot gevolg veroorzaakte significante groter LLR’s 
in de peroneus spieren (die de grootste rek ondervinden) maar niet in de kuitspieren. 
Omgekeerd veroorzaakte het landen op een platform dat niet kantelde grotere SLR 
reacties in de kuitspieren dan in de peroneus spieren. Alhoewel de LLR van de 
peroneus spieren selectief gerekruteerd werden tijdens een inversie veroorzakende 
kanteling, blijft hun rol beperkt omdat de latentietijd van de reacties meer dan 90 ms 
was terwijl de inversiebeweging op zich maar 42 ms duurt.  De vroege respons 
(SLR), indien aanwezig, had een latentietijd van ca. 44 ms. Echter voor de periode 
na de inversie zouden deze reacties belangrijk kunnen zijn om een verdere toename 
Summary and future research (in Dutch) 
 116 
van de rek op de spieren en structuren te kunnen voorkomen.   
 
 
Toekomstig Onderzoek 
Om de resultaten van dit proefschrift in een groter theoretische en klinische context 
te plaatsen, zou toekomstig onderzoek zich op een aantal aspecten kunnen richten.   
De conclusie dat een adequate controle van de armen en de romp van essentieel 
belang is voor een stabiele staande houding, kan helpen om bepaalde klinische 
manifestaties van balans problemen te verbeteren. De resultaten in dit proefschrift 
tonen aan dat een toename van de rompstijfheid -in het bijzonder in de zijwaartse 
richting- een verklaring voor  romp instabiliteit bij ouderen kan zijn. Om die reden 
zou oefentherapie zich meer moeten richten op de verbetering van de 
rompflexibiliteit en het aanleren van voorgeprogrammeerde armbewegingen voor 
mogelijke opvangreacties en ter verbetering van het evenwicht. Bijvoorbeeld een 
programma om ouderen meer adequaat voor een valneiging te beschermen door de 
arm omhoog te bewegen in plaats van de armen in de valrichting te bewegen, zoals 
de jonge proefpersonen in hoofdstuk 2 met het “hele korset”. Een vermindering van 
de romp stijfheid middels fysiotherapie zou eveneens een mogelijkheid kunnen zijn 
om de balans te verbeteren. Dit laatste dient nog wel in meer detail te worden 
onderzocht. 
 
De resultaten van hoofdstuk 3 in dit proefschrift ondersteunen de hypothese dat 
balanscorrecties van voor/achterwaartse en zijwaartse bewegingen verschillend 
door het centraal zenuwstelsel worden aangestuurd. Ze kunnen eveneens inzicht 
geven in mogelijke aansturings mechanismen. Indien voor/achterwaartse en 
zijwaartse balansverstoringen separaat worden verwerkt en de balanscorrecties 
simultaan worden uitgevoerd zoals geconcludeerd zou kunnen worden in dit 
proefschrift zou dit een aantal eerdere bevindingen kunnen verklaren. Daarnaast 
zou dit nieuwe interessante fysiologische en klinische vragen oproepen. Een van de 
eerste studies (Carpenter et al., 1999) toonde aan dat de zijwaartse beweging van 
de romp normaal gesproken maximaal is op 140 ms, ongeveer 100 ms eerder dan 
de maximale beweging van de romp in voor/achterwaartse richting. Een vraag die 
hierbij gesteld kan worden is:“Waarom werd de zijwaartse correctie van de romp in 
dit geval niet als eerste geïnitieerd?”. Hier kunnnen een aantal verklaringen voor 
worden bedacht. Het is waarschijnlijk effectiever om de voor/achterwaartse en de 
zijwaartse balanscorrecties meer simultaan aan te sturen. Wachten op meer 
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informatie van de zijwaartse kanteling, zou de efficiëntie van de respons doen toe 
nemen. Bovendien, zou het tegelijkertijd uitzenden van het voor/achterwaartse 
signaal naar de benen ervoor kunnen zorgen dat de benen een hogere stijfheid 
verkrijgen om zo de signalen voor de romp te kunnen ondersteunen. Immers, het 
zijwaartse snelheidsprofiel van de romp verandert wel terwijl het voor/achterwaartse 
snelheidsprofiel van de romp niet verandert met toename van de leeftijd (Allum et al. 
2002). Dit zou eveneens een reden kunnen zijn om op de zijwaartse beweging van 
de romp te wachten voordat het voor/achterwaartse signaal naar de beenspieren 
wordt uitgezonden. De opsplitsing van de voor/achterwaartse en zijwaartse 
balanscorrectie heeft ook enige klinische consequenties: Elke ziekte die de timing en 
de grootte van een separate verwerking van de voor/achterwaartse en de zijwaartse 
correcties beïnvloedt zou tot een niet- of slecht gecoördineerde balanscorrigerende 
respons kunnen leiden. Een voorbeeld is het laterale slingeren van patiënten met 
een laesie van de cerebellaire hemisfeer of het voor/achterwaartse slingeren van 
patiënten met een spino-cerebellaire degeneratie (Umemura et al. 1989). Een 
uitdaging voor toekomstig onderzoek is om het regelmechanisme van de scheiding 
van voor/achterwaartse en zijwaartse richtingen te onderzoeken zodat de 
behandeling van balansstoringen of andere balans ziektebeelden kan worden 
verbeterd.  
 
De resultaten van dit proefschrift laten tevens zien dat met de methode om 
plotselinge inversie bewegingen van de enkel te bestuderen (hoofdstuk 4), 
reproduceerbare verstoringen kunnen worden gegenereerd, die twee EMG reacties 
kunnen opwekken: Een vroege, kleine, inconsistente (SLR) en een grote, late en 
consistente respons (LLR). Toekomstig onderzoek zou moeten aantonen in 
hoeverre de onderbeenspieren een rol spelen bij het stabiliseren en beschermen 
van het enkel gewricht bij een plotselinge inversie beweging tijdens lopen en 
springen na herhaaldelijke enkel inversie traumatas. Het diffuse optreden van de 
SLR is waarschijnlijk belangrijk om een verdere toename van een spierverlenging te 
voorkomen en om een toename van stijfheid te bereiken. De grotere en meer 
selectievere LLR response in de peroneus spieren speelt waarschijnlijk een 
specifiekere rol, zoals dat oorspronkelijk ook voor andere spieren en bij andere 
taken wordt veronderstelt. Het belang van deze reflexen zal daarom in de periode na 
de rotatie moeten liggen, en dit zal verder moeten worden onderzocht. Bovendien 
laten de data van dit proefschrift zien dat de LLR respons in feite breed verdeelt zijn 
en misschien deel uitmaken van een uitgebreidere synergetische reactie, in het 
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kader van een balans corrigerende reactie van het hele lichaam. Onderzoek naar 
het gedrag van meer proximaal gelegen spieren zoals de gluteus medius en de lage 
rugspieren (paraspinalis) tijdens plotselinge inversie beweging van het enkel 
gewricht zou toegevoegde informatie kunnen bieden over het voorkomen van 
traumatas tijdens enkel inversies.  
 
Bibliography 
 119  
Bibliography  
 
References 
Accornero N, Capozza M, Rinalduzzi S, and Manfredi GW (1997). Clinical 
multisegmental posturography: age-related changes in stance control.  
Electroencephalogr. Clin. Neurophysiol. 105: 213-219. 
Allum JHJ, and Adkin AL (2003). Improvements in trunk sway observed for stance 
and gait tasks durino recovery from an acute unilateral peripheral vestibular 
deficit. Audiology and Neuro-Otology 8:286-302. 
Allum JHJ, Carpenter MG, and Honegger F (2003). Directional sensitivity of 
balance corrections in normal and vestibular loss subjects. IEEE Eng in Med 
and Biol Magazine 22: 37-47. 
Allum JHJ, Carpenter MG, Honegger F, Adkin AL, and Bloem BR (2002). Age-
dependent variations in the directional sensitivity of balance corrections and 
compensatory arm movements in man. J.Physiol 542: 643-663. 
Allum JHJ, and Honegger F (1998). Interactions between vestibular and 
proprioceptive inputs triggering and modulating human balance-correcting 
responses differ across muscles. Exp Brain Res; 121: 478-494. 
Allum JH, Honegger F, and Schicks H (1994). The influence of a bilateral 
peripheral vestibular deficit on postural synergies. J Vestib Res 4: 49-70. 
Allum JH, Honegger F, and Schicks H (1993). Vestibular and proprioceptive 
modulation of postural synergies in normal subjects. J Vestib Res. Spring; 3: 
59-85. 
Allum JH, and Pfaltz CR (1985).Visual and vestibular contributions to pitch sway 
stabilization in the ankle muscles of normals and patients with bilateral 
peripheral vestibular deficits. Exp Brain Res 58: 82-94, 
Aramaki Y, Nozaki D, Masani K, Sato T, Nakazawa K, and Yaro H (2001). 
Reciprocal angular acceleration of the ankle and hip joints during quiet 
standing in humans. Exp Brain Res; 136:463-473. 
Avela J, Santos PM, and Komi PV (1996). Effects of differently induced stretch 
loads on neuromuscular control in drop jump exercise. Eur J Appl Physiol 
Occup Physiol 72, 553-562. 
Bahr R, Lian Ø, Karlsen R, and Øvrebø RV (1994). Incidence and mechanism of 
acute ankle inversion injuries in volleyball––a retrospective cohort study. Am. 
Bibliography 
 120
J. Sports Med. 22 (1994), pp. 601–604. 
Balduini FC, Vegso JJ., Torg JS, and Torg E (1987). Management and 
rehabilitation of ligamentous injuries to the ankle. Sports Med. 4, pp. 364–380.  
Basmajian JV (1989). In: Biofeedback; Principles and Practice for Clinicians (third 
ed.), Williams & Wilkins, Baltimore (1989), pp. 380–382. 
Bloem BR, Allum JH, Carpenter MG, Verschuuren JJ, and Honegger F (2002). 
Triggering of balance corrections and compensatory strategies in a patient 
with total leg proprioceptive loss. Exp.Brain Res. 142: 91-107. 
Bloem BR, Allum JH, Carpenter MG, and Honegger F (2000). Is lower leg 
proprioception essential for triggering human automatic postural responses? 
Exp.Brain Res. 130: 375-391. 
Capaday C, and Stein RB (1987). Difference in the amplitude of the human soleus 
H-reflex during walking and running. J. Physiol. 392 (1987), pp. 513–522.  
Capaday C, and Stein RB (1986). Amplitude modulation of the soleus H-reflex in 
the human during walking and standing. J. Neurosci. 6 5 (1986), pp. 1308–
1313.  
Carpenter MG, Allum JHJ, Honegger F, Adkin AL, and Bloem BR (2004). 
Postural abnormalities to multidirectional stance perturbations in Parkinson’s 
disease. Journal of Neurology, Neurosurgery and Psychiatry (in press). 
Carpenter MG, Allum JH, and Honegger F (2001). Vestibular influences on human 
postural control in combinations of pitch and roll planes reveal differences in 
spatiotemporal processing. Exp.Brain Res. 140: 95-111 
Carpenter MG, Allum JH, and Honegger F (1999). Directional sensitivity of stretch 
reflexes and balance corrections for normal subjects in the roll and pitch 
planes. Exp.Brain Res. 129: 93-113. 
Cordo PJ, and Nashner LM (1982). Properties of postural adjustments associated 
with rapid arm movements. J.Neurophysiol. 47: 287-302. 
Corna S, Galante M, Grasso M, Nardone A, and Schieppati M (1996). Unilateral 
displacement of lower limb evokes bilateral EMG responses in leg and foot 
muscles in standing humans. Exp Brain Res 109, 83-91. 
Curran-Everett D (2000). Multiple comparisons: philosophies and illustrations. Am J 
Physiol Regul Integr Comp Physiol 279: R1-R8. 
Di Fabio RP (1995). Sensitivity and specificity of platform posturography for 
identifying patients with vestibular dysfunction. Phys Ther  75(4): 290-305. 
Review. 
 
Bibliography 
 121  
Dietz V. (1992) Human Neuronal Control of Automatic Functional Movements: 
Interaction Between Central Programs and Afferent Input. Physiol Rev. 72, 
33-69. 
Dietz V, Noth J, and Schmidtbleicher D (1981). Interaction between pre-activity 
and stretch reflex in human triceps brachii during landing from forward falls. J 
Physiol 311, 113-125. 
Dietz V, and Noth J (1978a). Pre-innervation and stretch responses of triceps 
bracchii in man falling with and without visual control. Brain Res 142, 576-
579. 
Dietz V, and Noth J (1978b). Spinal stretch reflexes of triceps surae in active and 
passive movements. J Physiol 284, 180P-181P. 
Do MC, Breniere Y, and Bouisset S (1988). Compensatory reactions in forward 
fall: are they initiated by stretch receptors? Electroencephalogr Clin 
Neurophysiol 69(5): 448-52, 
Duncan A, and McDonagh MJ (2000). Stretch reflex distinguished from pre-
programmed muscle activations following landing impacts in man. J Physiol 
526, 457-468. 
Duysens J, Clarac F, and Cruse H (2000). Load regulating mechanisms in gait and 
posture : comarative aspects. Physiol. Rev. 80(1), pp 83-133. 
Duysens J, Tax AA, Trippel M, and Dietz V (1993). Increased amplitude of 
cutaneous reflexes during human running as compared to standing. Brain 
Res 613, 230-238. 
Duysens J, Van der Doelen B, Tax AA, Trippel M, and Dietz V (1991). Selective 
activation of human soleus or gastrocnemius in reflex responses during 
walking and running. Exp Brain Res 87, 193-204. 
Duysens J, Trippel M, Horstmann GA, and Dietz V (1990). Gating and reversal of 
reflexes in ankle muscles during human walking. Exp. Brain Res. 82 (1990), 
pp. 193–204.  
Dyhre-Poulsen P, Simonsen EB, and Voigt M (1991). Dynamic control of muscle 
stiffness and H reflex modulation during hopping and jumping in man. J 
Physiol 437, 287-304. 
Dyhre-Poulsen P, and Laursen AM (1984). Programmed electromyographic 
activity and negative incremental muscle stiffness in monkeys jumping 
downward. J Physiol 350, 121-136. 
 
 
Bibliography 
 122
Ebig M, Lephardt SM, Burdett RG, Miller MC, and Pincivero DM (1997). The 
effect of sudden inversion stress on EMG activity of the peroneal and tibialis 
anterior muscles in the chronically unstable ankle. J. Orthop. Sports Phys. 
Ther. 26, pp. 73–77 . 
Fitzpatrick R, Rogers DK, and McCloskey DI (1994). Stable human standing with 
lower-limb muscle afferents providing the only sensory input. J.Physiol 480 ( 
Pt 2): 395-403. 
Fitzpatrick RC, Taylor JL, and McCloskey DI (1992). Ankle stiffness of standing 
humans in response to imperceptible perturbation: reflex and task-dependent 
components. J.Physiol 454: 533-547. 
Forssberg H, and Hirschfeld H (1994). Postural adjustments in sitting humans 
following external perturbations: muscle activity and kinematics. Exp Brain 
Res 97: 515-527. 
Fung J, and Barbeau H (1994). Effects of conditioning cutaneomuscular stimulation 
on the soleus H-reflex in normal and spastic paretic subjects during walking 
and standing. J Neurophysiol  72 (5): 2090-104. 
Gatev P, Thomas S, Kepple T, and Hallett M (1999). Feedforward ankle strategy 
of balance during quiet stance in adults. J.Physiol 514 ( Pt 3): 915-928. 
Geursen JB, Altena D, Massen CH, and Verduin M (1976). A model of the 
standing man for the description of his dynamic behaviour. Agressologie 17 
SPECNO: 63-69. 
Gielen CC, Ramaekers L, and Van Zuylen EJ (1988). Long-latency stretch 
reflexes as co-ordinated functional responses in man. J Physiol 407, 275-292. 
Gilles M, Wing AM, and Kirker SG (1999). Lateral balance organisation in human 
stance in response to a random or predictable perturbation. Exp.Brain Res. 
124: 137-144. 
Greenspan SL, Myers ER, Kiel DP, Parker RA, Hayes WC, and Resnick NM 
(1998). Fall direction, bone mineral density, and function: risk factors for hip 
fracture in frail nursing home elderly. Am.J.Med. 104: 539-545. 
Greenwood R, and Hopkins A (1976a). Landing from an unexpected fall and a 
voluntary step. Brain 99, 375-386. 
Greenwood R, and Hopkins A (1976b). Muscle responses during sudden falls in 
man. J Physiol 254, 507-518. 
Grey MJ, Ladouceur M, Andersen JB, Nielsen JB, and Sinkjaer T (2001). Group 
II muscle afferents probably contribute to the medium latency soleus stretch 
reflex during walking in humans. J Physiol 534, 925-933. 
Bibliography 
 123  
Grin L (2003). The effects of voluntary arm raises on the recovery from unexpected 
rotational perturbations. Master Thesis in Kinesiology, University of Waterloo, 
Canada. 
Grüneberg C, Bloem BR, Honegger F, and Allum JHJ. (2004). The influence of 
artificially increased hip and trunk stiffness on balance control in man. Exp 
Brain Res 157: 472–485. 
Henry SM, Fung J, and Horak FB (1998a). EMG responses to maintain stance 
during multidirectional surface translations. J.Neurophysiol. 80: 1939-1950. 
Henry SM, Fung J, and Horak FB (1998b). Control of stance during lateral and 
anterior/posterior surface translations. IEEE Trans.Rehabil.Eng 6: 32-42. 
Horak FB, Henry SM, and Shumway-Cook A (1997). Postural perturbations: new 
insights for treatment of balance disorders. Phys.Ther. 77: 517-533. 
Horak FB, Nashner LM, and Diener HC. (1990). Postural strategies associated 
with somatosensory and vestibular loss. Exp Brain Res  82(1): 167-77. 
Horak FB, and Nashner LM (1986). Central programming of postural movements: 
adaptation to altered support-surface configurations. J.Neurophysiol. 55: 
1369-1381. 
Horstmann GA, and Dietz V (1990). A basic posture control mechanism: the 
stabilization of the centre of gravity. Electroencephalogr Clin Neurophysiol 
76(2): 165-76. 
Isakov E, Mizrahi J, Solzi P, Susak Z, and Lotem M (1986). Response to the 
peroneal muscles to sudden inversion of the ankle during standing. Int. J. 
Sport Biomech. 2 (1986), pp. 100–109.  
Jacobs R (1997). Control model of human stance using fuzzy logic. Biol.Cybern. 77: 
63-70. 
Johnson MB, and Johnson CL (1993). Electromyographic response of peroneal 
muscles in surgical and nonsurgical injured ankles during sudden inversion. J. 
Orthop. Sports Phys. Ther. 18 3 (1993), pp. 497–500.  
Johansson R, and Magnusson M (1991). Optimal coordination and control of 
posture and locomotion. Math.Biosci. 103: 203-244. 
Jones GM, and Watt DG (1971). Muscular control of landing from unexpected falls 
in man. J Physiol 219(3): 729-37. 
Kannus P, and Renström P (1991). Treatment for acute tears of the lateral 
ligaments of the ankle. Operation, case, or early controlled motion. J. Bone 
Joint Surg. 73A (1991), pp. 305–312.  
 
Bibliography 
 124
Karlsson J, and Andreasson GO (1992). The effect of external ankle support in 
chronic lateral ankle joint instability. An electromyographic study. Am. J. 
Sports Med. 20 3 (1992), pp. 257–261. 
Karlsson J, Peterson L, Andreasson G, and Högfors C (1992). The unstable 
ankle: a combined EMG and biomechanical modeling study. Int. J. Sports 
Biomech. 8 (1992), pp. 129–144.  
Kearney RE, Stein RB, and Parameswaran L (1997). Identification of intrinsic and 
reflex contributions to human ankle stiffness dynamics. IEEE Trans Biomed 
Eng 44, 493-504. 
Keshner EA, Woollacott MH, and Debu B. (1988). Neck, trunk and limb muscle 
responses during postural perturbations in humans. Exp Brain Res 71(3): 
455-66. 
Keshner EA, Allum JHJ, and Pfaltz CR (1987). Postural coactivation and 
adaptation in the sway stabilizing responses of normals and patients with 
bilateral vestibular deficit. Exp Brain Res; 69: 77-92. 
Kolb FP, Lachauer S, Maschke M, and Timmann D (2002). Classical conditioning 
of postural reflexes. Eur J Physiol 445: 224-237. 
Konradsen L, Olesen S, and Hansen MH (1998). Ankle sensorimotor control and 
eversion strength after acute ankle inversion injuries. Am. J. Sports Med. 26 1 
(1998), pp. 72–77.  
Konradsen L, Voigt M, and Hojsgaard C (1997). Ankle inversion injuries. The role 
of the dynamic defense mechanism Am J Sports Med 25, 54-58. 
Konradsen L, and Ravn JB (1991). Prolonged peroneal reaction time in ankle 
instability. Int. J. Sports Med. 12 (1991), pp. 290–292. 
Konradsen L, and Ravn JB (1990). Ankle instability caused by prolonged peroneal 
reaction time. Acta Orthop Scand 61, 388-390. 
Kuo AD, and Zajac FE (1993). Human standing posture: multi-joint movement 
strategies based on biomechanical constraints. Prog.Brain Res. 97: 349-358. 
Lauk M, Chow CC, Lipsitz LA, Mitchell SL, and Collins JJ (1999). Assessing 
muscle stiffness from quiet stance in Parkinson's disease. Muscle Nerve 22: 
635-639. 
Lavoie BA, Devanne H, and Capaday C (1997). Differential control of reciprocal 
inhibition during walking versus postural and voluntary motor tasks in 
humans. J Neurophysiol 78, 429-438. 
Lewis MM, Prochazka A, Sontag KH, and Wand P (1979). Efferent and afferent 
responses during falling and landing in cats. Prog Brain Res 50, 423-428. 
Bibliography 
 125  
Loram ID, and Lakie M (2002). Human balancing of an inverted pendulum: position 
control by small, ballistic-like, throw and catch movements. J.Physiol 540: 
1111-1124. 
Lynch SA, and Renström AFH (1999). Treatment of acute lateral ankle ligament 
rupture in the athlete. Sports Med. 27 1 (1999), pp. 61–71.  
Lynch SA, Eklund U, Gottlieb D, Renström PA, and Beynnon B (1996). 
Electromyographic latency changes in the ankle musculature during inversion 
moments. Am J Sports Med 24, 362-369. 
Maki BE, and McIlroy WE (1997). The role of limb movements in maintaining 
upright stance: the "change- in-support" strategy. Phys.Ther. 77: 488-507. 
Maki BE, Holliday PJ, and Topper AK (1994a). A prospective study of postural 
balance and risk of falling in an ambulatory and independent elderly 
population. J.Gerontol. 49: M72-M84. 
Maki BE, McIlroy WE, and Perry SO (1994b). Compensatory responses to 
multidirectional perturbations. In: Taguchi K, Igarashi M, Mori S, editors. 
Vestibular and neural front. Amsterdam: Elsevier,: 437-40. 
McCullough CJ, and Burge PD (1980). Rotatory stability of the load-bearing ankle. 
J. Bone Joint Surg. 62, pp. 460–464. 
McIlroy WE, and Maki BE. (1995). Early activation of arm muscles follows external 
perturbation of upright stance. Neurosci Lett 184: 177-180. 
Moore SP, Rushmer DS, Windus SL, and Nashner LM (1988). Human automatic 
postural responses: responses to horizontal perturbations of stance in 
multiple directions. Exp.Brain Res. 73: 648-658. 
Morasso PG, and Sanguineti V (2002). Ankle muscle stiffness alone cannot 
stabilize balance during quiet standing. J Neurophysiol. 88: 2157-2162. 
Nardone A, Grasso M, Giordano A, and Schieppati M (1996). Different effect of 
height on latency of leg and foot. Neurosci Lett 206, 89-92. 
Nashner LM, and McCollum G (1985). The organization of human postural 
movements: a formal basis and  experimental synthesis. Behav Brain Sci 8: 
135-172. 
Nashner LM, Black FO, and Wall C (1982). Adaptation to altered support and 
visual conditions during stance: patients with vestibular deficits. J Neurosci 
2(5): 536-44. 
Nevitt MC, and Cummings SR (1993). Type of fall and risk of hip and wrist 
fractures: the study of osteoporotic fractures. The Study of Osteoporotic 
Fractures Research Group. J Am Geriatr Soc 41: 1226-1234. 
Bibliography 
 126
Nichols TR, and Houk JC (1976). Improvement in linearity and regulation of 
stiffness that results from actions of stretch reflex. J Neurophysiol 39, 119-
142. 
Nieuwenhuijzen PH, Grüneberg C, and Duysens J (2002). Mechanically induced 
ankle inversion during human walking and jumping. J Neurosci Methods 117, 
133-140. 
Peterka RJ (2002). Sensorimotor integration in human postural control. 
J.Neurophysiol. 88: 1097-1118. 
Petersen N, Christensen LO, Morita H, Sinkjaer T, and Nielsen J (1998). 
Evidence that a transcortical pathway contributes to stretch reflexes in the 
tibialis anterior muscle in man. J Physiol. 512, 267-276. 
Podzielny S, and Hennig EM (1997). Restriction of foot supination by ankle braces 
in sudden fall situation. Clin. Biomech. 12, pp. 253–258. 
Prochazka A, Schofield P, Westerman RA, and Ziccone SP (1977). Reflexes in 
cat ankle muscles after landing from falls. J Physiol 272, 705-719. 
Rietdyk S, Patla AE, Winter DA, Ishac MG, and Little CE (1999). NACOB 
presentation CSB New Investigator Award. Balance recovery from medio-
lateral perturbations of the upper body during standing. North American 
Congress on Biomechanics. J.Biomech. 32: 1149-1158. 
Runge CF, Shupert CL, Horak FB, and Zajac FE (1999). Ankle and hip postural 
strategies defined by joint torques. Gait Posture 10: 161-170. 
Runge CF, Shupert CL, Horak FB, and Zajac FE (1998).  Role of vestibular 
information in initiation of rapid postural responses. Exp Brain Res 122: 403-
412. 
Sammarco J (1977). Biomechanics of the ankle. I. Surface velocity instant center of 
rotation in the sagittal plane. Am. J. Sports Med. 5 (1977), pp. 231–234. 
Santello M, and McDonagh MJ (1998). The control of timing and amplitude of EMG 
activity in landing movements in Humans. Exp Physiol 83, 857-874. 
Scheuffelen C, Rapp W, and Gollhofer H (1993).  Orthopedic devices in functional 
treatment of ankle sprain. Stabilising effects during real movements. Int. J. 
Sports Med. 14 (1993), pp. 140–149. 
Schillings AM, Van Wezel BM, Mulder T, and Duysens J (1999). Widespread 
short-latency stretch reflexes and their modulation during stumbling over 
obstacles. Brain Res, 816, 480-486. 
 
 
Bibliography 
 127  
Schillings AM, Van Wezel BM, Mulder T, and Duysens J (2000). Muscular 
responses and movement strategies during stumbling over obstacles. J 
Neurophysiol 83, 2093-2102. 
Schillings AM, Van Wezel BMH, and Duysens J (1996). Mechanically induced 
stumbling during human treadmill walking. J. Neurosci. Methods 67 (1996), 
pp. 11–17.  
Stormont DM, Morrey BF, An KN, and Cass JR (1985).  Stability of the loaded 
ankle. Relation between articular restraint and primary and secondary static 
restraints. Am. J. Sports Med. 135 pp. 295–300. 
Sullivan SJ, and Hayes KC (1987). Changes in short and long latency stretch 
reflexes prior to movement initiation. Brain Res 412, 139-143. 
Toft E, Sinkjaer T, and Andreassen S (1989). Mechanical and electromyographic 
responses to stretch of the human anterior tibial muscle at different levels of 
contraction. Exp Brain Res 74, 213-219. 
Umemura K, Ishizaki H, Matsuoka I, Hoshino T, and Nozue M (1989). Analysis of 
body sway in patients with cerebellar lesions. Acta Otolaryngol Suppl 468: 
253-61. 
Van Wezel BM, Ottenhof FA, and Duysens J (1997). Dynamic control of location-
specific information in tactile cutaneous reflexes from the foot during human 
walking. J. Neurosci. 17 (1997), pp. 3804–3814.  
Winter DA, Patla AE, Prince F, Ishac M, and Gielo-Perczak K (1998). Stiffness 
control of balance in quiet standing. J.Neurophysiol. 80: 1211-1221. 
Winter DA, Prince F, Frank JS, Powell C, and Zabjek KF (1996). Unified theory 
regarding A/P and M/L balance in quiet stance. J.Neurophysiol. 75: 2334-
2343. 
Yang JF, and Stein RB (1990). Phase-dependent reflex reversal in human leg 
muscles during walking. J. Neurophys. 63 (1990), pp. 1109–1117.  
Zehr EP, and Stein RB (1999). What functions do reflexes serve during human 
locomotion?. Prog. Neurobiol. 58 pp. 185–205. 
Zehr EP, Komiyama T, and Stein RB (1997). Cutaneous reflexes during human 
gait: electromyographic and kinematic responses to electrical stimulation. J. 
Neurophysiol. 77 (1997), pp. 3311–3325. 
 
 
 
 
Bibliography 
 128
Publications 
 
Articles 
 
Grüneberg C, Honegger F, and Allum JHJ (2004). Spatio-temporal separation of 
roll and pitch balance-correcting commands in man. (under revision: Journal 
of Neurophysiology) 
Grüneberg C, Allum JHJ, Honegger F, and Bloem BR (2004). The influence of 
artificially increased hip and trunk stiffness on balance control in man. 
Experimental Brain Research 157:472-485.  
Grüneberg C, Nieuwenhuijzen PHJA, and Duysens J (2003). Reflex responses in 
the lower leg following landing impacts on an inverting and non-inverting 
platform. Journal of Physiology 550 (3):985-993. 
Grüneberg C, Allum JHJ, Honegger F, and Bloem BR (2001). The influence of 
artificially increased trunk stiffness on automatic balance correcting 
responses. p. 359-361. In: Control of Posture and Gait. Eds.: Duysens J, 
Smits-Engelsman B, Kingma H. ISPG 2001, ISBN 90-76986-02-9 
Grüneberg C, Nieuwenhuijzen PHJA, van der Woude LHV, Van Galen GP, 
Duysens J (2000). Reflexes following ankle inversion perturbations during 
walking and jumping. 359-368. In: Chronic Ankle Instability. Eds.: Schmidt R, 
Benesch S, and Lipke K. Libri Verlag 2000. 
Nieuwenhuijzen, PH, Grüneberg C, Duysens J (2002). Mechanically Induced 
Ankle Inversion During Human Walking and Jumping. Journal of 
Neuroscience Methods 117, 133-140. 
Bibliography 
 129  
Abstracts 
 
Duysens J, Grüneberg C, Bastiaanse CM, Nieuwenhuijzen PHJA, and Dietz V 
(2003). To load or not to load that is the question In: From basic motor control 
to functional recovery III. Gantchev, N. (ed). pp 22-29. 
Duysens J, Grüneberg C, and Nieuwenhuijzen PHJA (2002). Reflexes following 
landing on inverting and non-inverting surfaces. Proceedings symposium 
Motor Control & Proprioception: physiology, pathology & recovery, Paris July 
9–12. 
Duysens J, Nieuwenhuijzen PHJA, Grüneberg C, and Schillings AM (2000). 
Role of afferent feedback and reflexes during ‘natural’ gait perturbations in 
man. Proceedings, Journal of Physiology. 525P, 9S-10S. 
Duysens J, Nieuwenhuijzen PHJA, Grüneberg C, Weerdesteyn V, Schillings 
AM, and Mulder TH (2000). Laboratory stumbling. Proceedings 
’bewegingsbeeld’, Instituut voor Bewegingswetenschappen, Groningen, 15, 
24-25 November. 
Duysens J, Nieuwenhuijzen PHJA, Grüneberg C, Weerdesteyn V, and 
Schillings AM (2000). Contribution of reflexes to normal and perturbed gait. 
Proceedings 12th, Conference of the European Society of Biomechanics, 
Dublin, 119.  
Grüneberg C, Bloem B, Honegger F, Felder H, and Allum JHJ (2004) The effect 
of hip and trunk stiffness on posture control – Possible implications for 
exercise therapy to prevent falls in the elderly. Isokinetics and Exercise in 
Science. 12: 1; 30-32. 
Grüneberg C, Honegger F, and Allum JHJ (2003). The effect of temporal delayed 
sequences of roll to  pitch perturbations on posture control. International 
Symposium of Posture and Gait Research. 24-27 März 2003, Sydney, 
Australien. 
Grüneberg C, Nieuwenhuijzen PHJA, van der Woude LHV, and  Duysens J 
(2000). Sudden induced ankle inversion perturbations during jumping. 
International Ankle Symposium Ulm Germany, November 30th – December 
2nd. 
Nieuwenhuijzen PHJA, Grüneberg C, van Galen GP, and Duysens J. (2000). 
Sudden mechanically induced ankle inversion perturbations during human 
walking. International Ankle Symposium Ulm, Germany, November 30th – 
December 2nd. 
Acknowledgements 
 130
Acknowledgements 
 
There are many people who accompanied, inspired and helped me during the last 
years of my Ph.D. research and I like to thank them all. Some of these VIPs I would 
like to thank specifically.   
 
In particular, I would like to thank my supervisors and promoters Prof. J. Duysens, 
Prof. J. Allum, Prof. R. Veth and Dr. B. Schreurs for their enthusiasm and important 
role as guides towards several projects from the beginning to its final form. 
Prof. Duysens helped me keep myself organized when I was getting lost in the mass 
of data. His enthusiasm concerning neuroscience is infectious. Prof. Allum gave me 
the opportunity to participate in several research projects in Basel and I learned a lot 
of things with respect to biomedical engineering. Prof. Veth and Dr. Schreurs, I thank 
you very much for taking the time, effort and for your faith that the hip data are not 
getting lost somewhere in between The Netherlands and Germany. Moreover, I am 
especially grateful to Dr. B. Bloem for his never-tiring enthusiasm, knowledge, and  
ideas about posture control.      
 
In addition, I would like to thank all my colleagues and friends at the department of 
Medical Physics and Biophysics at the Radboud University Nijmegen for contributing 
to a working environment in which I felt very comfortable, even when the soccer 
game Netherlands - Germany was on TV (except one day when Germany played 
worse and won). Thanks in particular goes to my colleagues and friends Henk, Noel, 
Marjan, Ieke, and Rico. Henk, you are a unique example of a multitasking human 
being. I thank you very much for your supervision, the regular discussions and ideas, 
being a squash- and running-mate, and a hostel warden. Noel is probably one of the 
fastest researchers in the Netherlands. Especially your open and positive mind, your 
ability to switch between excellent work and good fun and vice versa is remarkable.  
I also thank Ieke, Marjan and Rico for the fruitful discussions, the philosophical 
considerations (“Idereen heeft ergens een dekseltje, “Success is een keuze”), and 
the nice social events in Nijmegen Oost and elsewhere in Nijmegen. 
   
 
Acknowledgements 
 131  
Günter, Ger, and Vic were responsible for keeping the computers going. Hans 
and Ton arranged the electrical assistance, and keep the experiments running. I also 
give thanks to Annet, Judith, and Margriet from the secretariat. Judith and Margriet, 
without your willingness to help in time (this means in between now and 5 minutes), I 
would have had much more difficulties to organize all things right on time.     
 
 
Of course, another word of thanks goes to the collegues of the University Hospital in 
Basel. Flurin, the “superuser”, gave me essential support in Matlab programming, 
leading me through the jungle of hardware, hacker tips and a useful introduction to 
the living habits of the Swiss local people (“oder?”). In addition, I would like to thank 
Maaike, Jens, Amber, Laura, Marc, Daniel and Martin for their help and assistance 
in the lab. I also acknowledge all the ladies from the department of audiology who 
where really helpful when subjects got lost in the hospital for experiments we were 
running.  
 
 
I am very grateful for the support of especially my mum, dad, my sister Sangita and 
my brother Martin, alias Doc Holiday. All of them supported me in any of my ideas 
and steps even when it did not go well all the times.    
 
 
Two persons are still missing which I am absolutely grateful that they play such an 
important role in my life: My wife Anja and my son Paul. It was Anja who really made 
it happen, standing by me despite the countless evenings and weekends lost 
traveling from The Netherlands to Basel via Frankfurt and vice versa doing 
experiments and work on this thesis. Thank you very much!!! And of course my son 
Paul, his little grin on his face is infectious and has absolutely high impact which was 
very helpful in the last days before printing. 
About the author 
 132 
About the author  
 
Christian Grüneberg was born in 1970 in Paderborn, Germany. At age 21, he moved 
to the Netherlands and studied physiotherapy (B.Sc.) in Utrecht, human movement 
sciences (M.Sc.) in Amsterdam and worked in the meantime part-time as a 
physiotherapist in a Dutch hospital and different rehabilitation centres in the 
Netherlands and Germany.  
 
After his graduation as a human movement scientist, from 1999 to 2003 he worked 
as a junior researcher at the St. Radboud University Nijmegen, Department of 
Medical Physics and Biophysics and at the University Hospital of Basel, Department 
of Audiology, Switzerland. He conducted his Ph.D. in the field of human motor 
control, especially in posture and gait, with respect to research methods in 
biomechanics and neuromuscular control. 
  
Since 2003, he has worked as a research manager at the University of Applied 
Sciences, Europa Fachhochschule Fresenius, Faculty of Health Sciences, situated 
close to Frankfurt am Main, Germany. His fields of research are prevention sciences 
and human motor control with respect to applied sciences.  
 
